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Abstract

The overall objective of this project is to develop a comprehensive kinetic model for
slurry-phase Fischer-Tropsch synthesis (FTS) employing iron-based catalysts. This model will
be validated with experimental data obtained in a stirred-tank slurry reactor (STSR) over a wide
range of process conditions.

Three STSR tests of the Ruhrchemie LP 33/81 catalyst were conducted to collect data on
catalyst activity and selectivity under 25 different sets of process conditions. The observed
decrease in 1-olefin content and increase in 2-olefin and n-paraffin contents with the increase in
conversion are consistent with a concept that 1-olefins participate in secondary reactions (e.g. 1-
olefin hydrogenation, isomerization and readsorption), whereas 2-olefins and n-paraffins are
formed in these reactions. Carbon number product distribution showed an increase in chain
growth probability with increase in chain length.

Vapor-liquid equilibrium calculations were made to check validity of the assumption that
the gas and liquid phases are in equilibrium during FTS in the STSR. Calculated vapor phase
compositions were in excellent agreement with experimental values from the STSR under
reaction conditions. Discrepancies between the calculated and experimental values for the liquid-
phase composition (for some of the experimental data) are ascribed to experimental errors in the
amount of wax collected from the reactor, and the relative amounts of hydrocarbon wax and
Durasyn 164 oil (start-up fluid) in the liquid samples.

Kinetic parameters of four kinetic models (Lox and Froment, 1993b; Yang et al., 2003;
Van der Laan and Beenackers, 1998, 1999; and an extended kinetic model of Van der Laan and
Beenackers) were estimated from experimental data in the STSR tests. Two of these kinetic
models (Lox and Froment, 1993b; Yang et al., 2003) can predict a complete product distribution
(inorganic species and hydrocarbons), whereas the kinetic model of Van der Laan and
Beenackers (1998, 1999) can be used only to fit product distribution of total olefins and n-
paraffins. The kinetic model of Van der Laan and Beenackers was extended to account
separately for formation of 1- and 2-olefins, as well as n-paraffins.

A simplified form of the kinetic model of Lox and Froment (1993b) has only five
parameters at isothermal conditions. Because of its relative simplicity, this model is well suited
for initial studies where the main goal is to learn techniques for parameter estimation and
statistical analysis of estimated values of model parameters. The same techniques and computer
codes were used in the analysis of other kinetic models. The Levenberg-Marquardt (LM) method
was employed for minimization of the objective function and kinetic parameter estimation.
Predicted reaction rates of inorganic and hydrocarbon species were not in good agreement with
experimental data.

All reaction rate constants and activation energies (24 parameters) of the Yang et al.
(2003) model were found to be positive, but the corresponding 95% confidence intervals were
large. Agreement between predicted and experimental reaction rates has been fair to good. Light
hydrocarbons were predicted fairly accurately, whereas the model predictions of higher
molecular weight hydrocarbons values were lower than the experimental ones.



The Van der Laan and Beenackers kinetic model (known as olefin readsorption product
distribution model = ORPDM) provided a very good fit of the experimental data for
hydrocarbons (total olefins and n-paraffins) up to about C,y (with the exception of experimental
data that showed higher paraffin formation rates in C;,-Css region, due to hydrocracking or other
secondary reactions). Estimated values of all model parameters (true and pseudo-kinetic
parameters) had high statistical significance after combining parameters related to olefin
termination and readsorption into one (total of 7 model parameters). The original ORPDM was
extended to account separately for formation of 1- and 2-olefins, and successfully employed to
fit experimental data of three major groups of hydrocarbon products (n-paraffins, 1-olefins and
2-olefins). This model is referred to as an extended ORPDM (8 model parameters in its final
form). In general, all three groups of products were fitted well, and the estimated model
parameters were all positive and the corresponding 95% confidence intervals were small. Even
though the extended ORPDM provided a very good fit of experimental data, it can not be used
for the prediction of product distributions for a given set of process conditions. This model has
several pseudo-kinetic parameters whose values vary with process conditions. Additional work is
needed to expand capabilities of the model to predict molar flow rates of all inorganic species
and major hydrocarbon products in terms of true kinetic (temperature dependent) constants.

The overall project goals have been achieved, but the two comprehensive kinetic models
did not provide accurate predictions for hydrocarbon products over the entire range of carbon
numbers. The predictions for light hydrocarbons (up to about C;¢) were found to be in good
agreement with experimental data, however larger errors were obtained for high molecular
weight hydrocarbons (Yang et al. model). It is not clear whether this is due to deficiencies in the
kinetic model itself, or due to experimental errors, and/or due to their combined effect. Further
studies are recommended to develop improved kinetic models and to validate them with
experimental data from the STSR and/or other types of reactors (e.g. spinning basket).
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Introduction

The overall objective of this project is to develop a comprehensive kinetic model for
slurry-phase Fischer-Tropsch synthesis (FTS) employing iron-based catalysts. This model will
be validated with experimental data obtained in a stirred-tank slurry reactor (STSR) over a wide
range of process conditions. This model will be able to predict concentrations of all reactants and
major product species (water (H,O), carbon dioxide (CO,), linear 1- and 2-olefins, and linear
paraffins) as a function of reaction conditions in the STSR. The kinetic model will be useful for
preliminary reactor design and process economics studies. The overall program is divided into

four tasks. A brief description for each task is provided in the following:

Task 1. Development of Kinetic Models

Kinetic models will be formulated utilizing the current state-of-the-art understanding of
reaction mechanisms for the formation of reaction intermediates and hydrocarbon products.
Models will be based on adsorption/desorption phenomena for reactants and product species.
These models will be continually updated on the basis of experimental data obtained in Task 3,

and subsequent data analysis conducted in Task 4.

Task 2. Catalyst Synthesis

A precipitated iron (Fe) catalyst with nominal composition 100 Fe/3 Cu/4 K/16 SiO; (in
parts per weight; Cu = copper; K = potassium; SiO, = silica) will be synthesized utilizing
equipment and procedures developed in the laboratory at Texas A&M University (TAMU). As
an alternative, a robust commercially available catalyst with similar performance characteristics

to the TAMU catalyst may be utilized.

Task 3. Experiments in a Stirred Tank Slurry Reactor

Experiments will be conducted in a 1 dm® (1 dm® = 1 liter = 1 L) STSR over a wide range
of process conditions of industrial significance. Synthesis gas (syngas) feed with hydrogen (H,)
to carbon monoxide (CO) molar ratio ranging from 0.67 (typical of coal-derived syngas) to 2
(typical of natural gas-derived syngas) will be employed. Baseline conditions will be repeated

periodically to assess the extent of catalyst deactivation.



Task 4. Model Discrimination and Parameter Estimation

The Langmuir-Hinshelwood-Hougen-Watson (LHHW) approach and the concept of rate
limiting step results in a large number of competing kinetic models. Discrimination between the
rival models will be based upon the quality of fit, supplemented with statistical tests on

parameter values and the physicochemical meaningfulness of the estimated parameter values.

Experimental

Three tests (Runs SB-21903, SB-26203 and SB-28603) were conducted in a 1 dm’
stirred-tank slurry reactor (Autoclave Engineers). A schematic of the experimental apparatus is
shown in Figure 1. The feed gas flow rate was adjusted with a mass flow controller and passed
through a series of oxygen removal, alumina, and activated charcoal traps to remove trace
impurities. After leaving the reactor, the exit gas passed through a series of high and low
(ambient) pressure traps to condense the liquid products. High molecular weight hydrocarbons
(wax), withdrawn from a slurry reactor through a porous cylindrical sintered metal filter, and
liquid products, collected in the high and low pressure traps, were analyzed by capillary gas
chromatography (Varian 3400 gas chromatograph). Liquid products collected in the high and
atmospheric pressure traps were first separated into an organic phase and an aqueous phase and
then analyzed using different columns and temperature programmed methods (Varian 3400 gas
chromatograph). The reactants and noncondensible products leaving the ice traps were analyzed
with an on-line gas chromatograph (Carle AGC 400) with multiple columns using both flame
ionization and thermal conductivity detectors. A schematic of the product analysis procedure is
shown in Figure 2. Further details on the experimental set up, operating procedures, and product
quantification can be found elsewhere (Bukur ef al., 1990; Zimmerman and Bukur, 1990; Bukur
et al., 1994; Bukur et al., 1996).

Instead of synthesizing a new batch of TAMU’s precipitated catalyst 100 Fe/3 Cu/4 K/16
SiO, (in parts by weight) it was decided to use a precipitated iron catalyst prepared by
Ruhrchemie AG (Oberhausen-Holten, Germany). This catalyst (LP 33/81), having a nominal
composition 100 Fe/4.3 Cu/4.1 K/25 SiO; (in parts by weight), was used initially in fixed-bed
reactors at Sasol in South Africa. It has been tested extensively at TAMU (Bukur et al., 1990;

Zimmerman and Bukur, 1990; Zimmerman et al., 1992; Bukur ef al., 1995), and was used in a



previous study of the kinetics of FTS by Lox and Froment (Lox and Froment, 1993a, 1993b).
The LP 33/81 catalyst is robust and has a selectivity that is similar to the TAMU catalyst.

The Ruhrchemie catalyst (15 g in Run SB-21903, 11.2 g in Run SB-26203, and 25 g in
Run SB-28603) was calcined in air at 300°C and a sample with a size fraction between 140-325
mesh was loaded into the reactor filled with 300-320 g of Durasyn 164 oil (a hydrogenated 1-
decene homopolymer, ~ C,,). The catalyst was pretreated in CO at 280°C, 0.8 MPa (100 psig),
and 3 NL/g-cat/h (where, NL/h, denotes volumetric gas flow rate at 0°C and 1 bar) for 12 hours.
After the pretreatment, the catalyst was tested initially at 260°C, 1.5 MPa (200 psig), 4 NL/g-
Fe/h using CO-rich synthesis gas (H,/CO molar feed ratio of 2/3). After reaching a stable
steady-state value (~60 h on stream), the catalyst was tested at different process conditions. The

minimum length of time between changes in process conditions was 20 h.

Results and Discussion
Results from STSR Tests
Three tests (Runs SB-21903, SB-26203 and SB-28603) with the Ruhrchemie catalyst

were conducted in a 1 dm” stirred-tank slurry reactor (Autoclave Engineers) over a wide range of
process conditions. The reaction temperature was 220, 240 or 260°C, the pressure varied from
0.8 to 2.5 MPa, the synthesis gas feed H,/CO molar ratio was either 2/3 or 2, and the gas space
velocity (SV) varied from 0.52 to 23.5 NL/g-Fe/h to obtain wide range of conversions. Process
conditions are summarized in Table 1. Definitions of conversions and selectivities used in this

report are as follows:

H; conversion (%) = 100 x ((Moles of Hy)i,- (Moles of H,)ou)/(Moles of Hy)in (1)
CO conversion (%) = 100 x ((Moles of CO)iy- (Moles of CO)out))/(Moles CO);n 2)
(H,+CO) conversion (%) = 100 x ((Moles of Hy+CO);,- (Moles of Hy+CO)y))/(Moles of Hy+ CO);,,  (3)

Usage ratio (UR (-)) = (Moles of H, consumed)/(Moles of CO consumed) 4)



( nC 0, ) out

CO; selectivity (%) = 100 x &)
(c0)in = (M) ou
Hydrocarbon selectivity on carbon atom basis is calculated from:
100 x (in,;)
§,(%) = : (6)

(nCO)in - (nCO)out - (nCOZ )out

where: S is the selectivity of hydrocarbon species j containing i carbon atoms, n; is molar flow

of compound j in the gas phase, (n.,),, and (n.,),, are molar flow rates of CO in and out of the

in out

reactor, and (7., ),, 1s the molar flow rate of carbon dioxide out of the reactor. The above

out
formulas assume that there is no carbon dioxide in the feed, and neglect the formation of

oxygenates.

Olefin and paraffin selectivities (contents), based on molar flow rates of the

corresponding hydrocarbons of the same carbon number, are calculated as:

1-olefin content (%) = 100 x (1-olefin)/(1-olefin + 2-olefin + n-paraffin) (7)
2-olefin content (%) = 100 x (2-olefin)/ (1-olefin + 2-olefin + n-paraffin) (8)
n-paraffin content (%) = 100 x (n-paraffin)/ (1-olefin + 2-olefin + n-paraftin) 9)
Total olefin to paraffin ratio = Total olefin rate/Total n-paraffin rate (10)

Reproducibility of Results and Catalyst Deactivation

In Runs SB-21903 and SB-26203 after the CO pretreatment, the catalyst was tested
initially at the baseline conditions (260°C, 1.5 MPa, 4 NL/g-Fe/h, H,/CO = 2/3), whereas in Run
SB-28603 the catalyst was tested initially (up to 46 h on stream) at 220°C (the other process

conditions were the same as the baseline conditions) and then the temperature was increased to



260°C (baseline conditions from 50-73 h on stream). Results from all three tests at the baseline
conditions are shown in Figures 3 and 4.

Syngas conversion (Fig. 3a) and methane and Cs' hydrocarbon selectivities on a carbon
atom basis (Fig. 3b) during the first 80 h of testing were remarkably similar in all three tests,
indicating that the CO activation procedure was reproducible and that the use of different
amounts of catalyst (11.2-25 g) did not have any impact on the initial catalyst activity and
selectivity. Activity (syngas conversion) increased with time reaching a constant value at about
50 h on stream.

After testing at the baseline conditions the catalyst was evaluated at different process
conditions (see Table 1). In order to assess the extent of catalyst deactivation the baseline
conditions were repeated throughout the test (Run SB-21903) or at the end of the test (Runs SB-
26203 and SB-28603). These results are shown in Figure 4.

Catalyst activity (measured by syngas conversion) decreased in all three tests (Fig. 4a).
Average deactivation rate (expressed in terms of loss of conversion per hour) ranged from 0.018
%/h in run SB-21903 to 0.054 %/h in run SB-26203. Methane selectivity increased whereas Cs"
selectivity decreased slightly with time in runs SB-21903 and SB-26203. The opposite trend
(decrease in methane selectivity and increase in Cs' selectivity) was observed in run SB-28603.

Effect of time on stream (i.e. catalyst deactivation) on olefin selectivities (obtained from
complete analysis of all products) in run SB-21903 is shown in Figure 5. As can be seen, the
olefin selectivity did not change much with time, which is consistent with results shown in

Figure 4b (methane and Cs" selectivities).

Effects of Process Conditions and Conversion on Water-Gas-Shift Reaction and Hydrocarbon

Product Distribution

The catalyst was tested under 25 sets of different process conditions. The following

values (or ranges) of process conditions were utilized in these three STSR tests:

Reaction temperature (T): 220, 240 and 260°C
Reaction pressure (P): 8, 15 and 25 (22.5) bar
Feed composition (H,/CO ratio): 2/3 or 2/1

Gas space velocity (NL/g-Fe/h): 0.5-23.5
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Effects of temperature, pressure, feed composition and gas space velocity (i.e. limiting
reactant conversion) on the extent of water-gas-shift (WGS) reaction (in terms of usage ratio —
UR and CO; selectivity), and hydrocarbon selectivity (CH, and Cs') are shown in Figures 6-14.

The effect of temperature and conversion of the limiting reactant (H, for Hy/CO = 2/3
feed gas, CO for Ho/CO = 2/1 feed gas) is shown in Figures 6-8. As shown in Figure 6 the usage
ratio (UR) decreases whereas the CO; selectivity increases with an increase in conversion (at
constant temperature) or with an increase in temperature (at constant conversion of the limiting
reactant). This trend is the same regardless of feed composition (H,/CO = 2/3 in Fig. 6a, or
H,/CO = 2/1 in Fig. 6b). The effect of conversion is consistent with the concept that the WGS

reaction is a consecutive reaction according to the following stoichiometric equations.

Hydrocarbon formation (FTS) reaction

n CO + 2 n H, = CHy, + n H,O; (UR =2) (11)
Water-Gas-Shift (WGS) reaction
CO+HZO:C02+H2 (12)

Overall reaction (high WGS activity)

2n CO +n H; =C,H;, + n COy; (UR = 0.5, CO; selectivity = 50%) (13)

In the absence of the WGS reaction, the usage ratio is 2 (Equation 10), whereas if all
water produced by FTS is consumed by the WGS reaction, the usage ratio is 0.5 and the CO,
selectivity is 50% (assuming that CO is not consumed in any other reactions). From the above
stoichiometry it is expected that the extent of WGS reaction (secondary or consecutive reaction)
will increase with increase in conversion, which is manifested in decrease of the usage ratio and
increase in CO, selectivity. The increase in WGS activity (higher CO; selectivity and lower UR)
with increase in temperature (at constant conversion) is a kinetic effect (Fig. 6).

As shown in Figures 7 and 8, methane selectivity increases whereas the selectivity of
high molecular weight hydrocarbons (Cs') decreases with an increase in temperature.
Experimental data at 220°C and 240°C in Figure 7 (H,/CO = 2/3, P =15 bar) do not follow this

trend, possibly due to experimental errors. At a given temperature, methane selectivity increases
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with an increase in conversion (Hy/CO = 2/3 feed in Fig. 7a) whereas Cs' selectivity decreases.
However, this trend was not observed with a feed gas having a H,/CO ratio of 2 (Fig. 8a) at
220°C and 240°C.

The effect of reaction pressure and conversion of the limiting reactant is shown in Figures
9-11. The extent of the WGS reaction increases (lower UR and higher CO, selectivity) with an
increase in conversion or with a decrease in total pressure (Fig. 9). Conversion effect on the
extent of WGS reaction was discussed previously (Fig. 6) whereas the effect of pressure is the
kinetic effect. Methane selectivity decreases with an increase in pressure (Figures 10a and 11a),
whereas pressure does not have significant effect on Cs' selectivity (Figures 10b and 11b).
Methane selectivity increases with conversion at constant pressure (Fig. 11a with H,/CO =2, and
at 15 bar with H,/CO = 2/3 in Fig. 10a).

The extent of the WGS reaction is higher with the CO rich feed gas (H,/CO = 2/3)
relative to syngas derived from natural gas (H»/CO = 2) as illustrated in Figure 12. Methane
selectivity is lower, and Cs' selectivity higher with the CO rich feed gas (Figures 13 and 14).
This is related to partial pressures of H, and CO. Methane selectivity increases and Cs'
selectivity decreases with increase in partial pressure of Hj, i.e. with increase in H,/CO ratio

inside the reactor.

Effects of Conversion (gas space velocity) and Carbon Number on Olefin _and Paraffin

Selectivities

As shown in Figures 15-17, 1-olefin content decreases, whereas 2-olefin content and n-
paraffin content increase with increase in conversion of the limiting reactant. This trend is less
pronounced for the CO-rich feed gas at conversions of 40-65%, but is clear at higher conversions
(Figures 16 and 17). This indicates that 1-olefins are consumed in secondary reactions, whereas
n-paraffins and 2-olefins are formed in part in secondary reactions.

Carbon number dependences of selectivities (at constant conversion) show the following
trend: 1-olefin selectivity passes through a maximum and n-paraffin selectivity passes through a
minimum at Cs, whereas 2-olefin selectivity increases with carbon number. It is well known that
ethylene is more reactive than other 1-olefins and it can initiate chain growth or be incorporated
into the growing chains, and thus its selectivity is lower than that of 1-propene and other low

molecular weight (MW) 1-olefins (Novak et al., 1981, 1982; Iglesia et al., 1991; Komaya and
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Bell, 1994; Kuipers et al., 1995). Described carbon number effects have been ascribed to
secondary reactions of 1-olefins (1-olefin readsorption, hydrogenation and/or isomerization) and
increase in residence time with increase in molecular weight (Schulz et al., 1982, 1988; Dictor

and Bell, 1986; Iglesia et al., 1993; Madon and Iglesia, 1993).

Carbon Number Product Distribution

Typical carbon number product distributions at different process conditions are shown in
form of Anderson-Schulz-Flory (ASF) plots (Figures 18 and 19). Carbon number distributions
could not be described by uniform value of the chain growth probability factor a, which would

result in a straight line (In x, vs C,). Experimental data were fitted using a three-parameter

model of Huff and Satterfield (1984):

Xn =P (1-oy) a™ + (1-B) (1 - oz) ™" (14)

where: x, = mole fraction of products containing n carbon atoms (hydrocarbons and oxygenates),
B = fraction of type 1 sites, o,; = chain growth probability on type 1 sites, and o, = chain growth
probability on type 2 sites.

Experimental data are reasonably well represented by this type of model. The model

parameters were estimated using a nonlinear regression.

Vapor-Liquid Equilibrium Calculations

In the analysis of the experimental data it is assumed that the STSR behaves as a
perfectly mixed flow reactor, and that the gas-liquid interphase mass transfer resistance is
negligible, i.e. the gas and the liquid phase are in thermodynamic equilibrium. Also, reaction
rates can be expressed in terms of fugacities, instead of liquid phase concentrations and/or vapor
phase partial pressures. Vapor-liquid equilibrium (VLE) calculations are needed to calculate
fugacities, and to check whether the assumption of thermodynamic equilibrium between the gas

and the liquid phase is valid under the FTS reaction conditions in the STSR.

13



Basic concepts and definitions

Vapor and liquid phases are in equilibrium at the same temperature and pressure, when

the fugacity of each constituent species is the same in all phases
v _ 7l
Jii = /i (15)

Both the vapor and liquid fugacities can be calculated using the corresponding fugacity

coefficients, ¢;i , from Equation (16) as follows:
Y 2L
Vi P=x;-¢7-P (16)

where x; is a mole fraction of species 7 in the liquid and y; is a mole fraction of species i in the

gas. This expression of the vapor-liquid equilibrium is very convenient and relationship between

gas and liquid composition can be expressed in terms of so called K-value

2L

K =2if (17)
v
i g

The fugacity coefficients ¢?l- are calculated from an equation of state (EOS). Several

equations of state have been used for this purpose. The following EOS have been used for the
VLE calculations in Fischer-Tropsch synthesis: Peng-Robinson (PR) equation of state (Marano
and Holder, 1997; Breman and Beenackers, 1996; Li and Froment, 1996), Redlich-Kwong (RK)
EOS (Zimmerman, 1990) and Soave-Redlich-Kwong (SRK) EOS (Ahoén et al., 2005). In this
work the modified Peng-Robinson equation of state has been selected for VLE calculations.

According to the PR EOS the fugacity coefficient can be expressed as:

2D 24
. b b, ,
1n¢,-=?’(2—1)—1n(2—3)+2\/‘%B o fa 1{?181@@ (18)

where z is a mole fraction of species in the liquid phase, x, or in the gas phase, y. Definitions

of other symbols (4, B, Z, a, a;, b and b;) and additional explanations can be found in

Appendix A.
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In order to get good agreement between the PR EOS predictions and experimental data
for inorganic species (H, CO, CO,, H,O) in higher molecular weight hydrocarbons two
modifications of the PR EOS were made. The first modification deals with changes in the

acentric factor function, fi(w), from the original formulation (Equation A.9 in Appendix A) to

the extended form (Equation A.10) proposed by Li and Froment (1996). The binary interaction
factors k; (Appendix A, Equation A.3) were estimated utilizing experimental data from literature
on solubility of inorganic species in various hydrocarbons. Critical properties (the critical
temperature and pressure) and acentric factor ® of inorganic species and linear paraffins and
olefins (up to Cy) were taken from Poling ef al. (2001) and Nikitin et al. (1997). For higher
molecular weight hydrocarbons (> C,) the equations of Gao ef al. (2001) were used. The critical
temperature and pressure of the start-up fluid (Durasyn) were estimated from Joback’s group
contribution methods (Joback, 1984; Joback and Reid, 1987), whereas the acentric factor was
estimated from Lee and Kessler (1975). Details of calculation procedure for estimation of

properties of Durasyn are given in Appendix B.

VLE Calculations for Binary Systems

The binary interaction factors k; for inorganic species (H,, CO, CO,, H,O) in
hydrocarbons were estimated from experimental VLE data in binary systems from the literature
(Peter and Weinert, 1955; Calderbank et al., 1963; Gasem and Robinson, 1985; Nettelhoff ez al.
1985; Chao and Lin, 1988; Miller and Ekstrom, 1990; Breman et al., 1994; Park et al., 1995;
Gao et al., 1999). Experimental conditions employed in these studies are summarized in Table 2.

The interaction factors were optimized to obtain the best agreement with reported
experimental K; values (K; = yi/x;). Comparisons of calculated (from the PR EOS with optimized
kij values) and experimental K values for different binary systems and different conditions (P and
T) are shown in Figures 20-26. It can be seen that there is excellent agreement between
calculated K values and the experimental ones for permanent gases (H,, CO, CO,) in different
solvents over a wide range of pressures and temperatures (Figures 20-25). Discrepancies
between calculated and experimental values for water (Figure 26) are caused by large differences
in reported experimental K values by different authors. In several Figures (20-22, 24 and 26)
predictions based on Nettelhoff et al. (1985) correlation for Henry’s law constant have also been

included. This correlation was obtained from authors’ experimental data with H, and CO in
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Vestowax (hydrocarbon wax) and Peter and Weinert’s (1955) data in hydrocarbon wax
(molecular weight = 345). The Nettelhoff et al. (1985) correlation for Henry’s law constant does
not account for the effects of pressure and molecular weight of solvent, and the predicted K
values are usually lower than the experimental ones. The use of PR EOS with adjustable
interaction factors provides a much better fit of the experimental data over a wide range of
conditions.

The optimized values of interaction factors vary with molecular weight of solvent, but are
weak functions of temperature (200-300 °C) and pressure (10-30 bar). Average values of the
interaction coefficients kj in different hydrocarbons are summarized in Table 3, and their
variation with carbon number is shown graphically in Figure 27. In subsequent VLE calculations
the data from Figure 27 were used to obtain interaction factors of the inorganic species in

hydrocarbons with carbon numbers between 20 and 36 by linear interpolation.

VLE Calculations for FTS in the STSR

The PR EOS was used with the above-mentioned modifications (acentric factor function
and the binary interaction coefficients for inorganic components with hydrocarbons having more
than 20 carbon atoms) to perform VLE calculations for the experiments in the STSR (Table 1).

The following species were taken into account in the VLE calculations: inorganic species
(Ha, CO, CO,, H,0), n-paraffins (C;-Cy), 1-olefins (C,-C;s), Durasyn (Csp) and two pseudo-
components: C,; paraffins and unanalyzed wax (with critical properties and acentric factor of
Csp n-paraffin). Thus, the VLE calculations were done for a two-phase mixture of 41 components
(species). Interaction factors (k;;) were used for each combination of inorganic species with one
of the following high molecular weight hydrocarbons: C, paraffin, Cy" paraffins (represented by
a component having the average molecular weight of the mixture), unanalyzed wax (C;p n-
paraffin) and Durasyn. Thus, for each inorganic species there are four non-zero interaction
factors. The interaction factors for all other species were set to zero. Detailed explanations,
equations and the computational algorithm for the VLE -calculations are given in the
Appendix C.

The VLE calculations were made for all 27 sets of process conditions (mass balances)
shown in Table 1. Representative results (four mass balances) are shown in Figures 28 and 29. In

each of these figures calculated mole fractions of hydrocarbon species (C;-Cyy n-paraffins, and
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C,-Cys 1-olefins) in the liquid (xj) and vapor (yi) phase are shown together with the
corresponding experimental values. In all cases (including the ones not shown in these two
figures) there is a very good agreement between the calculated and experimental values for the
vapor phase composition, whereas the agreement between the calculated and experimental values
of mole fractions in the liquid phase ranges from fairly good (Figure 28) to poor (Figure 29). The
reason for larger discrepancies (calculated vs. experimental) for the liquid phase components is
that the amounts of Durasyn and wax (as well as their ratio) withdrawn from the reactor are not
measured accurately.

It should be noted that lower molecular weight hydrocarbons (C;-Cy) and inorganic
species are not detected experimentally in the liquid phase, and thus their experimental values
are not shown in Figures 28 and 29. To account for the absence of lighter components in the
liquid phase one can use the normalized calculated mole fractions (xnorm in Figures 28 and 29)
for comparison with the experimental mole fractions (for the liquid phase only). The normalized

values of the calculated liquid phase mole fractions were calculated from the following equation:

l
xnorm _ xfac (19)

. e
cale
2.

ieA
where A means components, which were measured experimentally in the liquid phase. As can
be seen in Figures 28 and 29, the normalization does not have significant effect on results
because the measured components account for more than 90% of the total liquid phase.
It can be concluded that the VLE calculations show that the vapor and liquid phase are in
thermodynamic equilibrium during Fischer-Tropsch synthesis in the STSR. The discrepancies
between calculated and experimental liquid phase compositions are attributed to experimental

C1Tors.

Kinetic Modeling and Parameter Estimation

Kinetic parameters were estimated from experimental data in the STSR (Table 1). Three
kinetic models from the literature have been adopted to analyze the experimental data from the
STSR. Two kinetic models (Lox and Froment, 1993b; Yang et al., 2003) provide a complete

product distribution (inorganic species and hydrocarbons) whereas the kinetic model of Van der
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Laan and Beenackers (1998, 1999) can be used to predict hydrocarbon product distribution only.
Also we extended the kinetic model of Van der Laan and Beenackers to include 2-olefin

formation.

Kinetic Model of Lox and Froment

The model reported as the best by Lox and Froment (marked by symbol ALII in Lox and
Froment, 1993b) for their operating conditions (high H,/CO feed ratio of 3) has been selected for
the initial estimation of kinetic parameters from the experimental data in the STSR. It accounts
for formation of carbon dioxide, water, paraffins, and total olefins (it does not distinguish
between 1- and 2-olefins) as well as consumption of hydrogen and water. This model predicts a
constant value for the chain growth probability factor, a, however TAMU experimental data
show that o is not constant (i.e. it varies with carbon number). A simplified form of this model
contains only five parameters at isothermal conditions. Because of its relative simplicity, this
model is well suited for initial studies where the main goal is to learn techniques for parameter
estimation and statistical analysis of estimated values of model parameters. The same techniques
and computer codes were used in the analysis of other kinetic models.

The ALII model utilizes the LHHW approach and the concept of rate-determining steps
(RDS). The elementary steps (reactions) for FTS and WGS reaction are shown in Tables D.1 and
D.2, respectively. Reactant molecules are adsorbed on two types of active sites, one for FTS and
the second for WGS reaction, where the surface reactions take place. The model assumes the
following two RDS in each path of formation of paraffins and olefins in the Fischer-Tropsch
reaction:

e adsorption of carbon monoxide (HC1) and desorption of the paraffin (HCS) in the
reaction path leading to the paraffins,
e adsorption of carbon monoxide (HC1) and desorption of the olefin (HC6) in the
reaction path leading to the olefins,
and the following RDS for the WGS reaction path:
e reaction of an adsorbed carbon monoxide with adsorbed hydroxyl group (WGS2;
Table D.2).

All relevant equations are given in Appendix D of this report.
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Parameter Estimation Methodology

A simplified ALII model of Lox and Froment (1993b) has five kinetic parameters, three
for the FTS reaction:

- adsorption of carbon monoxide, kco Hc
- desorption of a paraffin, k; D>

- desorption of an olefin, k, ,
and two parameters for the WGS reaction:

- constant containing the WGS rate constant k{/.
- ratio of adsorption constants K, .

In equations (D.1) to (D.4) the unknowns are five kinetic constants, whereas partial
pressures of hydrogen, carbon monoxide, carbon dioxide, and water are known from the VLE

calculations ( p; = y; - P).

Parameters are estimated by minimizing an objective function, S. An objective function
that minimizes the sum of squares of residuals of reaction rates was used:

S= hzv:,o'h,h Zn:(&h -R, )2 (20)

i=1

where R means experimental, R represents calculated reaction rate, and oy, are diagonal
elements of the inverse of the error covariance matrix. If the weighting factors are not used in
Equation (20) then the ¢ matrix is the identity matrix, i.e. chp= 1.

When replicate experiments are available the weighting factors can be calculated

(Froment and Bischoff, 1990) as:

~1
n,

Z(Rt,h _Eh )2
Oy = :ll’l——l (21)

e

where R, represents the average value of response / over n, replicate experiments (. is equal to

3 in our case), n is a number of experiments at constant temperature, and v is a number of

components (in this case: CO, CO,, H,, H,0, twenty n-paraffins C;_,, fourteen 1-olefins C; 14
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and pseudo-component Cs;.50). The reaction rate of pseudo-component Cy," is calculated as

follows:

50
Ry, = ZRi (22)

i=21

When there is insufficient information about the nature of errors in experimental
measurements, another weighting factor can be used. In such cases, the simplest form of the
weighting factor is the inverse of squared mean response of the j variable (Englezos and

Kalogerakis, 2001):

-2
A
GjJZZ[;'EERy} (23)
i=1

Minimization of the objective function was done by the Levenberg-Marquardt (LM)
method (Marquardt, 1963) which is an improved form of the Newton-Gauss optimization
technique. The minimization procedure consists of the following steps:

An initial guess of unknown parameters &’ is made. The corresponding reaction rates are
calculated using the assumed values of kinetic parameters and the objective function is
evaluated.

1. New (improved) values of kinetic parameters &’ are found by the LM method.
2. New values of reaction rates and the objective function are obtained.
3. If the current (new) value of the objective function is smaller or equal to the previous

(old) one then go to Step 4. If not, go to Step 2 and keep iterating until a criterion for

minimization is satisfied, i.e.:

slk) < s')

4. Stop iterations when the difference between the current and the previous value of the

objective function is smaller than the desired convergence criterion, &,,.

Is(k")-s(k')< e,

If the convergence is not achieved, go back to Step 2 and iterate until the convergence

criterion is achieved. The numerical value of &, is set at 107,
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Results from Parameter Estimation

Estimated values of kinetic parameters obtained using the objective function (Equation
(20)) with weighting factors equal to one and with weighting factors calculated using Equation
(23) are shown in Table 4. As can be seen from this table, the rate constant for olefin formation,
ko, estimated assuming that all weighting factors are equal to one, is negative for data at 220°C
and 260°C. Therefore, this approach (ons= 1 in Equation (20)) yields unsatisfactory results. The
use of weighting factors calculated from Equation (23) results in positive values for all five rate
constants at all three temperatures (Table 4).

Statistical parameters associated with calculated rate constants are shown in Table 5.

Approximate 95% confidence intervals for the WGS kinetic parameters k"/ and K, show that

these parameters are not significantly different from zero (lower 95% confidence interval gives
negative values), whereas the mean values of the three kinetic parameters for the FTS are
statistically reliable.

Representative parity plots, for a reaction temperature of 260°C, are shown in Figures 30
and 31. These figures show a comparison of calculated and experimental reaction rates.
Calculated and experimental rates for inorganic species (Hz, CO, CO,, and H,O) are shown in
Figure 30, whereas the results for hydrocarbons are shown in Figure 31. In the case of H, and
CO, the absolute rates are shown in Figure 30. If the model fits the data, experimental points
would lie on a straight line with a slope of 45°. However, almost all of the calculated reaction
rates are smaller then the experimental values (Figures 30 and 31). Results for various
hydrocarbon species (Figure 31) are shown with two different scales. As can be seen in this
figure, the Lox and Froment’s (1993b) ALII model does not predict accurately the formation
rates of various hydrocarbons (individual species as well as lumped species). Detailed
comparison of predicted and experimental formation rates of individual species (C;-Cy n-
paraffins, and C,-C;s olefins) is shown in Figure 32. Experimental values are represented by
points, whereas solid lines are model predictions. Model predictions are represented by straight
lines on a semi-logarithmic plot (log Rate vs. Carbon number) whereas experimental points have
curvatures. It can be seen that the model does not predict accurately the observed reaction rates

of individual hydrocarbons.

21



Figure 33 shows carbon number distribution of hydrocarbon products on a semi-
logarithmic scale (logarithm of reaction rate of hydrocarbons containing n carbon atoms vs.
carbon number). The model yields a straight line, whereas experimental data show nonlinear
dependence on carbon number. The model predictions reflect the ideal Anderson-Schulz-Flory
distribution characterized by a constant value of the chain growth probability factor a, whereas
experimental data show that a varies with carbon number.

Predicted and experimental values of olefin to n-paraffin reaction rates (Olefin to paraffin
ratio) as a function of carbon number are shown in Figure 34. The model predictions are
represented by a horizontal line, whereas experimental values are carbon number dependent.
Clearly the model fails to predict the observed experimental trends both qualitatively and

quantitatively.

Activation Energies

From estimated values of kinetic parameters at three reaction temperatures (Table 4, with
weighting factors from Equation (23)), the corresponding activation energies and frequency

factors have been calculated. The adsorption constant for carbon monoxide adsorption kco e
the desorption rate constant of n-paraffins k; > the desorption rate constant of olefin k ,, and

the WGS reaction rate constant k"/ satisfy the Arrhenius equation:

-E

a

k=4,-e* (24)

where A is a frequency factor, £, is an activation energy, R is universal gas constant equal to
8.3144 kJ/mol, and T is temperature measured in Kelvin.

Numerical values of activation energies (£,) are shown in Table 6. Statistical parameters
in this table are calculated for one degree of freedom (n — p, where n is number of independent
values, data at temperatures: 220, 240 and 260°C, whereas p is a number of parameters, 4, and
E,) and for probability of 0.95. Approximate 95% confidence intervals are large, due to the fact
that there is only one degree of freedom in the estimation. However, the approximate confidence
intervals indicate that estimated values of activation energies for carbon monoxide

adsorption Eco yc , n-paraffin formation E,, and olefin formation Ey, are reliable, because

they are all non-negative. The approximate confidence intervals for the WGS activation energy
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E, range from -585 to 1003. This means that the estimated value for E, (209 kJ/mol) is not
significantly different from zero, and it has a small impact on the model result. The relatively
small standard error value and high t-value imply that estimated parameter value is obtained with

good accuracy. As can be seen, these conditions are satisfied for activation energies: Eco Hc »
Eip andEq, .
Activation energies for the formation of paraffins (E¢,) and olefins (E¢,) can be

compared with the corresponding values reported in the literature (Table 7). Reported values of
the activation energy for the paraffin formation are between 70 and 712 kJ/mol, and those for the
olefin formation are 97 — 132 kJ/mol. Activation energies from the TAMU data with the ALII
kinetic model of Lox and Froment (1993b) are /21 kJ/mol for paraffin formation, and 54 kJ/mol
for the olefin formation. The former is slightly higher than the upper bound from the literature,
whereas the olefin formation activation energy value is about 50% lower than a typical value
from the literature. The estimated activation energy for the WGS reaction (209 kJ/mol) is too
high when compared to the corresponding values in the literature (28-137 KJ/mol), and is not

reliable as discussed previously (lower 95% confidence interval gives negative value).

Multi-Response Objective Functions

The following objective functions have been used in all subsequent estimations of kinetic

parameters. The objective function S, utilizes reaction rates R; and the weighting factor o .

Nresp | Nexp .
Si=2 o X, (Ri,h_Ri,h)2 (25)
h=1 i=1
where £ is a response that represents a component: CO, CO,, H,, H,O, twenty paraffins Cj.,o,
nineteen olefins Cs.50, and lumped-component C,;.s50, which gives 40 responses (components);

Ny is a number of experiments, and o, are diagonal elements of the inverse of the error

covariance matrix.
The objective function, S,, utilizes molar flow rates of individual components

N,

2
resp 1Vexp m. . —-m. .
5, =3 3w, (!er’—/lj (26)

=

g

mi,j,exp

j=1 i

where m;; is molar flow rate of jth component in ith experiment, and W; is the weighting factor.
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The accuracy of the fitted model relative to the experimental data was obtained from the

mean absolute relative residual (MARR) function:

1
MARR _N—ZZ

respNexp i=1j=1 [, ]

VYA (27)

Rl’j

A statistical test for the kinetic model is measured either by the F-value or by correlation
coefficient. The statistics for the estimated parameters are expressed by either t-value or the 95%
confidence interval.

An analysis of residuals of estimates has been done utilizing the relative residual (RR)

which is defined as follows:

A

R :—R. .
RR; ; = 100.”JR—”J (28)
i,

where i represents the component, j represents the experiment, and R and R are the

experimental and calculated reaction rates, respectively.

Kinetic Model of Yang et al.

This model was proposed by Dr. Li’s group at the Institute of Coal Chemistry of Chinese
Academic of Science in Taiyuan, PR China (Yang et al., 2003). The main features of this model
are as follows:

e olefin readsorption is included,

e separate reaction rate constant is used for methane,

e solution of hydrocarbon formation reaction rates requires the numerical solution
of a set of two non-linear algebraic equations,

e the model predicts that olefin to paraffin ratio is a function of carbon number.

Elementary reactions and final equations for this model are given in Appendix E. The
total number of parameters that need to be estimated is 24 (20 parameters for hydrocarbon
formation, and 4 parameters for the WGS reaction). Kinetic parameters for the WGS reaction

and FTS synthesis were estimated first separately, and then simultaneously.
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Estimation of Parameters for WGS Reaction

The WGS reaction model is described as one equation for carbon dioxide formation
(Equation E.12). This model contains four parameters (two for the reaction rate constant ky and
two for the adsorption equilibrium constant Ky). It can be noted that the constant Ky is a ratio of
adsorption constants (Equation E.13). Kinetic parameters were estimated using a trust-region
reflective Newton large-scale (LS) method (Coleman and Li, 1994, 1996). Results are given in
Table 8. The grey-colored cells in Table 8 represent results obtained with the objective function
S| whereas the results in cells without color were obtained using the objective function S,. The
objective function S, (relative objective function) gives a better fit, measured by MARR (~20%
vs. 26% using S;). Obtained activation energy values for CO, formation are in range 60 — 95
kJ/mol whereas values for enthalpy change, which represents the difference of two enthalpy
change values (therefore it can be negative), are between -46 and — 80 (kJ/mol).

Although fitting of the model gives good statistical values in all cases (F-value ~30 — 60
and correlation coefficient ~0.64 — 0.91), the estimated parameters have large confidence
intervals ranging from negative to large positive values. A parity plot, calculated vs.
experimental reaction rate of carbon dioxide formation, is shown in Figure 35. It can be seen that
the calculated values are nearly constant for a particular temperature (4 low points are at 220°C,
8 points in the middle are for 240°C, and 15 upper points are for 260°C). This shows that the
model predicts that the WGS reaction rate is proportional to the reaction rate constant (Rcoz ~
ky).

In order to check if these results represent a global minimum, a genetic algorithm (GA)
has been incorporated into the estimation procedure (Goldberg, 1989, Conn et al., 1997). A
hybrid method: GA first, followed by the Levenberg-Marquardt (LM) or LS method was
employed. The GA method finds a good initial guess close to the global minima, and LM or LS
provides more precise values. Results are shown in Table 9. The grey-colored cells in the table
represent results from the GA method whereas cells that are not colored are results from either
LM or LS method. The GA method has found two global minima (grey cells, rows W17 and
W20), which have different values of parameters. These values were used as initial guesses for
the LM and LS methods. The activation energy obtained is between 128 and 143 kJ/mol whereas
the difference of enthalpy change varies from 6 to -12. It can be seen that applying a hybrid
method gives similar statistics for fitting of the model (~33, 20 and 0.65 for F-value, MARR and
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correlation coefficient, respectively), but it gives a narrow confidence interval for the activation
energy (lower 95% confidence interval limit is positive). For case W18 in Table 9, the activation
energy is 143 kJ/mol and its confidence interval is 95 — 192 kJ/mol. It can be noted that both the
LM and LS methods give the same result (Table 9, W18 and W19, respectively), but the LM
method converges much faster (only 26 iterations, compared to 131 for the LS). It seems that a
combination of the GA method followed by the LM method is better, and very effective for
estimation of kinetic parameters. This confirms that the LM is a good searching method provided
it has a good starting point.

The parity plot for carbon dioxide (Figure 36) shows better agreement between model
predictions (GA method followed by the LM method) and experimental data, than that obtained
using the LM or LS method directly. Estimated values for the WGS activation energy by the GA
method followed by the LM or the LS method (128-143 kJ/mol) are comparable to some of the
previously reported values for the WGS reaction (Table 7).

Estimation of Parameters for FTS Reaction

The Fischer-Tropsch synthesis reaction model (hydrocarbons rate formation) contains 20
unknown parameters. Calculation of rates for every set of parameters (i.e. for every iteration)
requires numerical solution of two non-linear algebraic equations (Equations E.4 and E.11).
Parameters were estimated using the objective function S, (with W; = 1) and a trust-region
reflective Newton large-scale method (LS). Results are shown in Table 10.

From the F-test a significant value for the model was obtained (about 15). In addition, a
relatively narrow 95% confidence interval for all activation energies was obtained. However, the
degree of agreement between experimental and calculated responses, measured by MARR, is
relatively large (~65%) and the correlation coefficient is small (~0.15). A parity plot for
methane, ethane, and ethene is shown in Figure 37, whereas the results for hydrocarbon groups
Cs.10 and Cjj.20 are shown in Figure 38. It can be seen that the model provides good fit for light
paraffins and all olefins, whereas the calculated C;;., paraffins are significantly smaller than the
corresponding experimental values. Paraffin and olefin rates as a function of carbon number are
shown in Figures 39 and 40 (for all mass balances). Again, good agreement was obtained
between calculated and experimental values for light paraffins and olefins for most mass

balances.
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Simultaneous Estimation of Kinetic Parameters for WGS and FTS Reactions

This is a multi-response estimation of all species: carbon dioxide (WGS), hydrocarbons
(FTS), and inorganic species (hydrogen, carbon monoxide, and water). Rates for carbon
monoxide, hydrogen and water were calculated based on stoichiometry (Equations D.6, D.7 and
D.8, respectively). This approach considers 24 parameters. The results from WGS and FTS
estimations were used as initial guesses in this estimation.

The use of a multi-response estimation did not result in the improvement of model
parameters. Both minimization methods, LM and LS, lead to minor changes in values of pre-
exponential factors (mostly for WGS) and do not result in improvement of other parameters.
Figure 41 is a parity plot for inorganic components: carbon monoxide, hydrogen, carbon dioxide,
and water. Almost all calculated rates are smaller than experimental ones. Predicted rates for
carbon dioxide formation are not as good as those obtained from the WGS estimation alone

(Figures 35 and 36 vs. Figure 41).

Hydrocarbon selectivity Model of Van der Laan and Beenackers

Van der Laan and Beenackers (1998, 1999) developed so-called olefin readsorption
product distribution model (ORPDM) for formation of hydrocarbons in FTS. Reaction network
of hydrocarbon formation for this model is presented in Appendix F (Figure F.1). Chain growth
initiates by hydrogenation of an adsorbed monomer ('CH>) to an adsorbed methyl group ("CHj).
Chain propagation occurs via insertion of an adsorbed monomer into an adsorbed alkyl species
(*Cannﬂ), which can terminate to either n-paraffin (C,H>,+2) by hydrogenation or to olefin
(C,H>,) by dehydrogenation (i.e. hydrogen abstraction). According to this reaction network
olefin readsorption leads to adsorbed alkyl species, which can either propagate or terminate.
Elementary reactions for this model are shown in Table F.1, and detailed derivation of kinetic
equations is given in Appendix F.

Parameters were estimated from experimental data at constant temperature. There are
three sets of experimental data at temperatures 220, 240 and 260°C, which include 4, 8 and 15
mass balances, respectively.

Parameters were estimated using objective function S;, defined by Equation (25) and the

LM method. Total number of experiments, N is 4, 8, or 15 at 220, 240 and 260°C,

exp?
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respectively, whereas number of responses, N is 40 (C;9 paraffins, C,.9 olefins, and pseudo-

resp >
component C;;_s0). Degrees of freedom for all of these three cases are high and equal to 137, 277,
and 522 for temperatures of 220, 240, and 260°C.

Van der Laan and Beenackers model (1998, 1999) has 8 parameters (for every set of

process conditions). These parameters are related to the following steps: initiation (x),

propagation (x, ), methane formation (Kt(}; ), ethane formation (K't(’zp) ), olefin formation (x, ),

ethylene readsorption (Kﬁ,zo) ), readsorption of C;" olefins (x,,), and solubility/physiosorption

dependence of olefin with carbon number (c). The pseudo-kinetic parameters are related to the

true kinetic parameters and surface coverages of the reaction intermediates as follows:

K= kpl '9c112,s1 'eH,x,
P kp .QCHZ 5]
P kt )4 HH 1
1
P kt’p
k(z)
x2) = % (29)
P
o = k[,o ’ esl
ho kt,p 'eH,sl
R,-T
}(520 = k£,20 'gsl gH 51 §V
Rg -T
Kro= kr,o ' asl 'HH,SI : SV

where @is the surface coverage of species (or sites).

Van der Laan and Beenackers (1998, 1999) found that parameters Kt(}l)J , K'[(,zlz , Kﬁ?o ,and ¢

are constant at a given temperature (250°C). From the above definitions and Appendix F, one

1) andx?)

can see that only two parameters, x; ,, £po

represent ratios of two true kinetic constants and

thus are expected to be dependent on temperature only. Also, parameter ¢ can be constant at a

given temperature. This parameter is related to non-intrinsic effects on reaction rates, such as
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intraparticle diffusion, physisorption and/or solubility. However, it must be noted that K,,ZO
parameter is expected to be a function of process conditions (gas space velocity, and surface

concentrations of intermediates, which in turn are expected to vary with P, T, SV, and/or H,/CO

feed ratio). Two types of estimation for KSZO) parameter: (a) temperature dependent only; and (b)

dependent on all conditions (i.e. its numerical value is different for each mass balance conducted

at different process conditions) were performed.

The first estimation, with K£2,J) dependent on temperature only (Van der Laan and

Beenackers approach) is shown in Table 11. In addition parameters K,(,ll)y , K't(,zp) , and cwere also

assumed to be dependent on temperature only, whereas the remaining 4 model parameters «i, «,
Ko, and k.o were estimated for each set of conditions. As can be seen from Table 11, this
assumption leads to negative values of some parameters (highlighted cells). Thus, this approach

is not valid for the TAMU experimental data.

2

Results from the second procedure, K‘S’o

estimated for each set of conditions, are shown
in Table 12. The statistics for estimated parameters, t-values, corresponding to this case are

shown in Table 13. All parameters, exceptx, ,, Kg?, and «,,,

are significantly different than
zero, and their t-values are greater than two. Moreover most of t-values are quite high (greater

then 10), which means that the parameters have a quite narrow 95% confidence interval.

However most of parameters related to termination and readsorption of olefins («,, ,KS,ZO), and

K, ,) are statistically insignificant (their t-values are smaller then 1 — highlighted cells in Table

13).

Comparison of predicted and experimental reaction rates of n-paraffins and olefins for
selected mass balances (6 cases) is shown in Figure 42. In general a good fit has been obtained
for paraffins and olefins up to Cyy. Average mean absolute relative residuals (MARR) values for
C1-Cy hydrocarbons are generally smaller then 30%. As shown in Figure 42, the TAMU
experimental data often show high paraffin reaction rates in C;,-C,s carbon number range (a
“hump” in experimental data) which may be due to secondary reactions (e.g. hydrocracking).
These deviations are not accounted by the present model and result in higher MARR values. The

agreement between predicted and experimental values for a pseudo-component (paraffin Cy;") is
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generally worse than that for paraffins and olefins up to Cy. In some cases MARR values for
C,' showed a very good overall fit, whereas the fit was not so good for individual paraffins (C»;
to Cso).

Van der Laan and Beenackers (1999) noted that a strong correlation between parameters

Ko and x, , occurs at a high olefin readsorption rate (x, , -exp(c-n)>>1). In such a case,
these parameters should not be estimated separately, and the x, , /x, , ratio should be estimated

as one parameter. Correlation between these two parameters results in their non-significant
statistical values as mentioned previously for the TAMU experimental data (results shown in
Table 13). By combining these two parameters into one, the kinetic model of Van der Lann and

Beenackers has 7 parameters (see Appendix F for details). Three of these parameters are

temperature dependent only (K'(l) K(z) and ¢ ) whereas others (x|, & s K 2 K,) have different

t,p> “t,p o
values at different process conditions. Estimated parameter values are given in Table 14, and the

corresponding t-values in Table 15. Parameter estimation by this method gives much better

statistics (t-values) for parameters related to olefin readsorption and termination ( K ) K,) while

at the same time does not change statistical significance of other model parameters.

The best, median, and worse fitting results for total product distribution, expressed by
MARR, are shown in Figure 43. The largest MARR values were obtained for the pseudo-
component Cy; . It should be noted that high MARR values are caused by errors in experimental

data, and existence of the “hump’ in paraffin production rates in C,-C,s carbon number range.

Extended Model of Van der Laan and Beenackers
The original ORPDM of Van der Laan and Beenackers (1998, 1999) has been extended

to account for formation of 2-olefins. The original model considers only the total olefin
formation, whereas the extended model accounts separately for 1- and 2-olefins. Reaction
network of hydrocarbon formation for this model is presented in Appendix G (Figure G.1).
Elementary reactions for this model are shown in Table G.1, and they are the same as for the
original ORPDM except that step HC6 (2-olefin formation) is added.

After reparametrizations the extended model contains eight parameters (one more than

the original ORPDM) which are given by:
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plus the solubility/physiosorption dependence of olefin surface concentration with carbon

number (¢ parameter). Two of these parameters K't(’l}), and K‘t(,zlz depend on temperature only

whereas the remaining ones depend on all reaction conditions.

Estimated values of model parameters are given in Table 16, and the corresponding t-
values in Table 17. All parameters are positive, and the overall MARR values range from 22 to
36% (Table 16). Most of t-values are large (>10) implying that the parameters have a narrow
95% confidence interval.

Comparisons of predicted and experimental product distributions for n-paraffins, 1- and
2-olefins are shown in Figures 44 and 45 for four representative mass balances. In general, very
good agreement is obtained for hydrocarbons up to about C;s. In some cases experimental data
show large deviations from predicted values but these are largely caused by experimental errors.
For hydrocarbons up to C,, these deviations occur generally in two carbon number ranges Cs-
Ci1 and C;5-Cyo. Experimental errors in C4-C;; carbon number range are caused by inaccuracies

arising from combining three gas chromatographic analyses (Figure 2) for components in this
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range: light hydrocarbons (C;-Cs) from Carle analysis, other gases (Varian) up to Cio, and
organic phase (Cs-Cj;). Deviations in the second range (Cjs.p0) for 2-olefins, and in some cases
for 1-olefins as well, are caused by difficulties in separation of olefins in this range.

In addition, even greater deviations between the predicted and experimental values were
observed in some cases for heavier paraffins (Cis'). These can be related to experimental
difficulties in quantification of these components. The first and the most significant difficulty is
caused by wax withdrawal from the reactor through a filter element. The amount of wax
withdrawn from the reactor is subject to errors. The second difficulty is related to errors in
analysis of wax due to incomplete solubilization of the wax in carbon disulfide and loss of
separation for high molecular weight paraffins. Also, in some experiments (e.g. Figure 45b)
higher reaction rates were observed for paraffins in Cj,25 range, and lower rates for heavier
paraffins C,s'. The cause of this deviation has not been determined, but hydrocracking of heavier
paraffins could account for this type of behavior.

Comparison of experimental and predicted values for total olefin to paraffin ratio and 2-
olefin selectivity is shown in Figures 46 and 47. As can be seen the extended model captures the
observed experimental trends quite accurately.

Some groups of products are of particular interest from commercial point of view, and it
is important to compare the model predictions with experimental data for these groups of
products. Products formed during FTS are divided into five groups: methane, light gases (Cj.4),
gasoline (Cs.;»), diesel oil (Ci3.20) and wax (Ca;'). Comparisons are provided in Figures 48 and
49, and in Table 18. Very good agreement can be seen for methane, light gases, gasoline and
diesel oil for which MARR values are smaller then 21% (Table 18). A large discrepancy is
observed for wax only (MARR ~ 60%) which is related to experimental difficulties in accurate
quantification of products in this range. It should be noted here that total amount of wax is
relatively small in comparison to other products (less than 5% in total weight).

Plots of relative residuals, defined by Equation (28), as a function number for all three
groups of hydrocarbons considered in the present model are shown in Figures 50 to 52. Large
deviations can be seen for hydrocarbons in certain hydrocarbon ranges, as discussed above in
conjunction with Figures 44 and 45. However, the relative residuals do not show definite trends
with carbon number, which means that the applied kinetic model is appropriate to describe

experimental data.
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Conclusions

Three STSR tests of the Ruhrchemie LP 33/81 catalyst were conducted to collect data on
catalyst activity and selectivity under 25 different sets of process conditions. These data were
used to test validity of four kinetic models (Lox and Froment, 1993b; Yang et al., 2003; Van der
Laan and Beenackers, 1998, 1999; and the extended kinetic model of Van der Laan and
Beenackers). The main qualitative findings from experimental data are as follows.

Catalyst deactivation was moderate in Run SB-21903 (694 h on stream) but more severe
in the other two STSR tests (terminated after approximately 340 h on stream). Deactivation did
not have significant effect on hydrocarbon selectivity in Runs SB-21903 and SB-26203.
However, lower methane and higher Cs' selectivity (C-atom basis) were obtained in Run SB-
28603 at 340 h in comparison to results at 70 h on stream.

The extent of WGS reaction increased with the increase in conversion of the limiting
reactant, which is consistent with the concept that the WGS is a consecutive reaction with respect
to water that is formed in FTS reaction. An increase in the extent of WGS reaction with an
increase in temperature, decrease in total pressure, or a decrease in H,/CO feed ratio (i.e.
decrease in CO partial pressure) is attributed to kinetic effects.

A decrease in 1-olefin content and an increase in 2-olefin and n-paraffin contents with an
increase in conversion are consistent with the concept that 1-olefins participate in secondary
reactions (e.g. 1-olefin hydrogenation, isomerization and readsorption), whereas 2-olefins and n-
paraffins are formed in these reactions. Secondary hydrogenation and isomerization reactions
increased with increase in partial pressure of hydrogen. Gas residence time had a pronounced
effect on selectivity of ethylene and gaseous 1-olefins, but it was less pronounced for higher
molecular weight (MW) olefins (Cio'). The residence time of high MW hydrocarbons is much
longer than that of gaseous hydrocarbons and is determined by the rate of liquid (wax) removal
from the reactor.

Carbon number product distribution showed an increase in chain growth probability
with an increase in chain length (i.e. MW). The total olefin to paraffin ratio decreased with an
increase in chain length (for C;" hydrocarbons), whereas ethylene to ethane ratio was low due to
increased reactivity of ethylene relative to other low MW 1-olefins.

A method for calculation of VLE based on modified Peng-Robinson equation of state

was successfully implemented. First, the binary interaction factors k; were estimated for
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inorganic species (H,, CO, CO; and H;O) in high molecular weight hydrocarbons from an
extensive set of experimental data from the literature, which cover the range of experimental
conditions for FTS used in our study (220 — 260 °C, 8 — 25 bar). An excellent fit of available
experimental data for binary systems was obtained: Hy, CO or CO; in a hydrocarbon, whereas
the experimental data for water in hydrocarbons are more sparse and scattered. Utilizing the
modified PR EOS VLE calculations for FTS reaction in the STSR were performed, and
compared to calculated vapor phase and liquid phase compositions with the corresponding
experimental values. Excellent agreement was obtained for the vapor phase composition,
whereas differences between the calculated and experimental liquid phase compositions were
observed for some mass balances. Experimental values of the liquid phase composition are not
measured accurately, due to difficulties in accurate quantification of the total amount of liquid
withdrawn from the reactor and relative amounts of hydrocarbon wax and the start-up fluid
(Durasyn). Overall, the calculations indicate that the vapor and liquid phase are in
thermodynamic equilibrium during FTS in the STSR.

Three kinetic models from the literature have been adopted for analysis of experimental
data from the STSR. Two of these kinetic models (Lox and Froment, 1993b; Yang et al., 2003)
can predict a complete product distribution (inorganic species and hydrocarbons), whereas the
kinetic model of Van der Laan and Beenackers (designated as ORPDM) can be used only to fit
product distribution of total olefins and n-paraffins. The ORPDM of Van der Laan and
Beenackers was extended to include 2-olefin formation. This extended model was used to fit n-
paraffin, 1-olefin and 2-olefin product distributions, and is referred to as extended ORPDM.

The model reported as the best by Lox and Froment (designated as ALII in Lox and
Froment, 1993b) for their operating conditions (high H,/CO feed ratio of 3) has been selected for
the initial estimation of kinetic parameters from the experimental data in the STSR. This model
predicts the chain growth parameter (o) and olefin to paraffin ratio are independent of carbon
number, whereas TAMU experimental data show that they vary with the carbon number

A simplified form of this model has only five parameters at isothermal conditions.
Because of its relative simplicity, this model is well suited for initial studies where the main goal
is to learn techniques for parameter estimation and statistical analysis of estimated values of
model parameters. The same techniques and computer codes were used in the analysis of other

kinetic models. The Levenberg-Marquardt (LM) method was employed for minimization of the
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objective function and kinetic parameter estimation. With a judicious choice of weighting factors
in the objective function, non-negative values for all five model parameters were obtained.
Statistical analysis of estimated values of model parameters revealed that kinetic parameters for
FTS (3 parameters), as well as their corresponding activation energies, are statistically
significant, whereas two parameters for the WGS reaction were not statistically significant.
Predicted reaction rates of inorganic and hydrocarbon species were not in good agreement with
experimental data.

The kinetic model of Yang et al. (2003) has 24 parameters (20 parameters for
hydrocarbon formation, and 4 parameters for the WGS reaction). Kinetic parameters for the
WGS reaction and FTS were estimated first separately, and then simultaneously. To accomplish
this, the LM method and a trust-region reflective Newton large-scale method were employed. A
genetic algorithm was incorporated into the estimation of parameters for the FTS reaction to
provide initial estimates of model parameters. These values were subsequently used as initial
guesses for the LM and/or the LS methods to obtain improved values of model parameters.

All reaction rate constants and activation energies were found to be positive, but the 95%
confidence intervals were large. The agreement between predicted and experimental reaction
rates has been fair to good. Light hydrocarbons were predicted fairly accurately, whereas the
model underpredicted values of higher molecular weight hydrocarbons. Also, the model does not
predict that the chain growth parameter increases with increase in molecular weight.

The ORPDM of Van der Laan and Beenackers provided a very good fit of the
experimental data for hydrocarbons up to about C,y (with the exception of experimental data that
showed higher paraffin formation rates in C;,-C,s region, due to hydrocracking or other
secondary reactions). Estimated values of all model parameters (true and pseudo-kinetic
parameters) had high statistical significance after combining parameters related to olefin
termination and readsorption into one (total of 7 model parameters). The model was found to
capture the observed experimental trends of decreasing olefin to paraffin ratio and increasing o
(chain growth length) with increase in chain length well.

The extended ORPDM was successfully employed to fit experimental data of three major
groups of hydrocarbon products (n-paraffins, 1-olefins and 2-olefins). After reparametrization
and combining parameters related to olefin termination and readsorption the total number of

parameters for this model is eight (i.e. one more than in the original ORPDM). In general, all
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three groups of products were fitted well, and the estimated parameters were all positive and the
corresponding 95% confidence intervals were small.

Even though the extended ORPDM provides a very good fit of experimental data, it can
not be used for prediction of product distributions for a given set of process conditions. This
model has several pseudo-kinetic parameters whose values vary with process conditions. This
model needs to be further developed to include predictions of inorganic species and hydrocarbon
products in terms of true kinetic constants (temperature dependent constants).

The overall project goals have been achieved, but the two comprehensive kinetic models
did not provide accurate predictions for hydrocarbon products over the entire range of carbon
numbers. The predicted values for light hydrocarbons (up to about C;o) were found to be in good
agreement with experimental data, however larger errors were obtained for high MW
hydrocarbons (Yang et al. model). It is not clear whether this is due to deficiencies in the kinetic
model itself, or due to experimental errors, and/or due to their combined effect.

As discussed previously the amount of wax produced during each mass balance is subject
to relatively large experimental errors. Also, the experimental rates for C;,-C,s hydrocarbons
were often significantly higher than the model predictions, and this may have been caused by
cracking of higher molecular weight hydrocarbons. The kinetic model of Yang et al. (2003) does
not account for these types of reactions. Also, catalyst deactivation was observed in all three
STSR tests, and this was not accounted for in the kinetic models employed in this study.

The existing kinetic model of Yang and co-workers, coupled with VLE calculations for
slurry-phase operation, is not accurate enough for process economics studies and preliminary
reactor design calculations. Further studies are recommended to develop improved kinetic
models and to validate them with experimental data from the STSR and/or other types of reactors

(e.g. spinning basket).
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Table 1. Process conditions for tests in the STSR

40

MB# TOS T P H,/CO SV

h °C bar ) NL/g-Fe/h
/1 71-78 260 15 0.67 4.0
12 94-101 260 15 0.67 1.7
1/3 119-126 260 15 0.67 9.2
/4 152-164 240 15 0.67 2.0
« /5 193-215 240 15 0.67 1.0
S 1/6 225-238 240 15 0.67 5.5
;‘ /7 263-270 260 15 0.67 4.0
@« /8 298-310 240 15 2 42
/10 364-368 240 15 2 10.8
/13 489-505 260 15 0.67 4.0
/14 600-606 260 22.5 0.67 6.1
/15 647-654 260 225 0.67 1.0
/1 86-92 260 15 2 7.1
11/2 118-122 260 15 2 10.1
§ /3 142-146 260 15 2 23.5
:j /4 175-191 240 15 2 5.8
a 11/5 224-240 260 25 0.67 6.7
11/6 264-268 260 25 0.67 17.1
/7 297-313 260 25 0.67 2.0
/1 94-101 220 15 0.67 4.1
112 128-143 220 15 0.67 0.5
o 111/3 166-170 220 15 2 9.5
S 111/4 192-198 220 15 2 0.6
2 /s 224-238 260 8 2 1.5
©n 11/6 262-268 260 8 2 9.0
111/7 287-292 240 8 0.67 5.5
111/8 313-318 240 8 0.67 0.7



Table 2. Solubility data for inorganic species in hydrocarbons

Solvent T P
Authors Solute MW
Name CN S
g/mol C bar
Hydrogen, n-Eicosane 20 | 282
Carbon n-Octacosane 28 394
Chao and Lin, 1988 | Monoxide, | n-Hexatriacontane | 36 | 506 |100_300| 10— 50
Carbgn Mobil Wax ? ?
Dioxide,
Syngas Sasol Wax ? ?
Hydrogen, 40 - 50
Carbon
Monoxide n-Hexadecane 30-38
Breman et al., 1994 ’ 28 394 | 150 -250
Carbon n-Octacosane
Dioxide 20-25
Water 1.5-2.5
Hydrogen*, Wax 250 ~18 | 250
Carbon
Peter and Weinert Monoxide
> ’ 106 - 1-1
1955 Carbon Wax 345 ~24.51 345 06 - 300 00
Dioxide,
Water
Hydrogen n-Decane 10 142
. Carbon n-Eicosane 20 282
Gasem and Robinson, Dioxide n-Octacosane 28 | 394
1985; n-Hexatriacontane | 36 | 506 100, 150 | 10-50
Park et al., 1995; Carbon d
Gao et al., 1999 Monoxide n-Dodecane 12 170
C.a rbp n n-Tetratetracontane | 44 619
Dioxide
Calderbank ez al., 1963 | Hydrogen Krupp Wax 107 - 300 1
Hydrogen,
Nettelhoff et al., 1985 Carbon Vestowax 28 394 [200-240| 4-12
Monoxide
‘ Hydrogen, n-Octacosane, 28 394
Miller and Ekstrom, Gulf, ? ?
Carbon ~250 ?
1990 Monoxide FT-heavy, ? ?
x Mobil FT ? ?

? — No information provided by authors.
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Table 3. Estimated values of binary interaction coefficients k;; in Peng-Robinson EOS

Solvent Solute
CN Name Hydrogen | Carbon Monoxide | Carbon Dioxide | Water
10 n-Decane 0.2852 - - -
16 n-Hexadecane - - - 0.3008
20 n-Eicosane 0.3233 0.2108 0.0878 -
~25] wax 345 g/mol - - - 0.2098
28 n-Octacosane 0.4071 0.1878 0.0477 0.0542
36 | n-Hexatriacontane | 1.0496 0.4976 0.0679 -
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Table 4. Estimated values of kinetic parameters (ALII Model of Lox and Froment)

Parameter ‘ units 220°C 240°C ‘ 260°C
(a) Weighting factors equal to 1
kco.Hc mmol/kg/s/bar 0.277 1.46 4.02
ke p mmol/kg/s/bar 0.151 0.0352 0.131
ko mmol/kg/s -0.618 0.00644 -0.166
kl'/ mmol/kg/s/bar*1.5 8.04 0.817 25.2
K, bar™-0.5 23.6 0.7 9.35
(b) Weighting factors from Equation (23)
kco.Hc mmol/kg/s/bar 0.0709 0.39 1.55
kt’p mmol/kg/s/bar 0.00463 0.016 0.0434
ki o mmol/kg/s 0.0194 0.031 0.051
k, mmol/kg/s/bar*1.5 0.194 0.53 9.08
K, bar™-0.5 1.31 0.533 7.05
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Table 5. Confidence intervals for kinetic parameters (ALII Model of Lox and Froment)

v —
T =220°C units Parc.lmeter 95%-confidence limit
estimate lower upper
kco.HC mmol/kg/s/bar 0.0709 0.0561 0.0856
kt’p mmol/kg/s/bar 0.00463 0.00365 0.00562
ko mmol/kg/s 0.0194 0.0143 0.0245
k"/ mmol/kg/s/bar*1.5 0.194 -0.401 0.79
K, bar*-0.5 1.31 -4.34 6.97
v —
T =240C units Pam.lmeter 95%-confidence limit
estimate lower upper
kco.Hc mmol/kg/s/bar 0.391 0.324 0.459
kt,p mmol/kg/s/bar 0.016 0.0138 0.0182
ki o mmol/kg/s 0.0305 0.023 0.038
k, mmol/kg/s/bar*1.5 0.531 -1.06 2.12
K, bar”-0.5 0.533 -4.2 5.27
v —
T =260°C units Parc.lmeter 95%-confidence limit
estimate lower upper
kco.HC mmol/kg/s/bar 1.55 1.28 1.81
kt,p mmol/kg/s/bar 0.0434 0.0384 0.0484
ki o mmol/kg/s 0.051 0.0286 0.0733
k, mmol/kg/s/bar’ 1.5 9.08 -43.8 62
K, bar*-0.5 7.05 -20.1 34.2
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Table 6. Activation energies and statistical parameters for the FTS and WGS reactions

Stgff:d t Stat Lower 95% Upper 95%
Econc  168.73 6.62 25.49 84.62 252.85
Ei, 122.41 4.89 25.05 60.33 184.50
E, 52.75 3.13 16.84 12.96 92.55
E, 208.78 62.51 3.34 -585.46 1003.02
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Table 11. Kinetic parameters of Van der Laan and Beenackers Model (x

treated as constant at a given temperature)

No.

Temperature
1

2
3
4

Temperature

Temperature
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Ky
220
0.5531
0.2176
0.9924
0.3314

240
0.7768
0.6468
0.5077

2.609
3.562

3.58
0.9152
0.1449

260
2.687
1.899
3.939
2.645
2.599
3.547
1.484
6.479
8.048
12.04
3.698
6.123
1.716
1.493
3.237

Kp

Cc
19.43
12.02
7.299
9.712

8.729
11.81
9.594
9.399
9.689
12.06
61.21
26.35

C
221
15.15
25.73
20.72
20.88
26.92
15.69
11.79
13.53
13.68
23.81
26.89
21.38
7.933
11.52

v,

3.804

5.151

7.032

2)

x)

0.8671

MARR
32

1.699

MARR
41.6

1.921

MARR
21.5

50

Kto

30.51
15.78
9.815
6.414

3.073
9.628
-0.07769
5.265
9.245
6.552
26.82
-0.465

255
62.64
376.4
2453
223.6
312.8

11.7
62.36

86.7
155.6
314.3
340.6
181.8
7.244
1711

2

,0

z

3.378

4.819

120.2

0 @ .

INELINE

2.215
1.015
0.9276
0.777

-0.1939
0.3722
-0.2594
0.1566
0.6549
0.3536
0.8048
-0.266

21.2
7.077
29.56

21.9
19.17
25.24
1.184
11.91
13.75
20.71
23.15
23.25
14.32
1.369
19.04

2

r,0

and ¢

0.2011

0.2734

0.1883



Table 12. Kinetic parameters of Van der Laan and Beenackers Model (x

treated as constant at a given temperature)

No.

Temperature
1

2
3
4

Temperature

Temperature
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Ky
220
0.5666
0.2228
0.9814
0.3451

240
0.9106
0.6581

1.35

2.604

3.593

3.591
0.7475
0.3304

260
2.679
1.888
3.924
2.629
2.572
3.299
1.493

6.49
8.073
12.22
3.747
5.835

1.66
1.499

3.27

Kp
C
19.81
12.23

7.325
9.853

21
11.79
21.02
9.284
9.634
11.91
45.96
33.18

22.16
15.12
25.77
20.69
20.73
24.68
15.58
11.83
13.61
13.9
24.51
2475
20.49
7.945
11.66

)

tp

3.861

5.106

7.013

oy

0.8901

MARR
31.7

1.671

MARR
24.7

1.912

MARR
211

51

Kto

129.1
39.17
6.846
19.26

10.49
39.36
13.75
6.311
137.1
13.02
7.27
33.94

39.62
19.02
41.52
32.44
27.87
10.27
7.056
19.81
26.5
214.2
165.9
14.77
16.02
4.873
380.3

2

e
17.47
10.12
2113
14.58

2.528
25.96
2.827
6.1
91.19
11.05
0.6098
9.369

17.45
33.53
12.19
14.73
13.82
3.078
11.9
36.61
35.26
163.1
60.96
4.422
9.465
271
263.9

(1)

6Lp?

Kt(z) and ¢

P

10.26
3.024
0.5506
2.849

0.4768
2.899
0.7281
0.3143
16.8
1.23
0.2728
1.808

2.769
1.768
2.73
2.407
1.947
0.5611
0.5615
3.247
3.619
25.89
10.9
0.6987
0.926
0.7514
39.32

0.199

0.2281

0.2009



Table 13. t-values of parameters obtained with x

Laan and Beenackers Model)

No.

Temperature
1
2
3
4
Temperature

Temperature
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Ky
220
19.5
7.53

31
1.4
220
14.5
9.78
21.2
38.6
52.1
52.7
10.3
5.07
220

18
124
26.6
17.6
17.3

23
10.1
41.9
52.2
78.3
25.2
40.2
11.3
9.79
21.2

Cc
11.6
5.28

20
10.3

9.14
6.89
13
27.7
35.2
40.1
4.54
2.51

11.4
9.68
15.1
11.5
11.4
13.8
7.95
34.2
40.9
54.5
14.7
235
7.56
7.45
14.7

v,

15

35.7

50.9

52

oy,

20.5

25.8

(1)

Lp>

Kt(iz and c¢ as constant (Van der

Ko

0.084
0.20
1.58
0.26

1.83
0.28
1.72
4.51
0.13
1.57
1.84
0.28

0.63
0.66
0.84
0.69
0.83
2.64
1.23
0.83
0.86
0.14
0.22
3.45
1.05
0.73
0.05

x)

,0

0.080
0.18
1.05
0.24

1.32
0.27
1.31
3.12
0.13
1.38
0.81
0.26

0.60
0.56
0.78
0.65
0.77
1.97
0.72
0.79
0.82
0.14
0.22
2.75
0.89
0.35
0.05

r,o

0.079
0.17
0.76
0.22

1.20
0.25
1.17
1.96
0.12
1.10
1.20
0.26

0.57
0.57
0.74
0.62
0.72
1.83
0.92
0.73
0.76
0.14
0.21
2.22
0.83
0.55
0.05

3.83

10.6

17



Table 14. Improved values of kinetic parameters for Van der Laan and Beenackers Model

No. MB# K; Kp Kt(}; Kt(?lz K K, c
Temperature 220°C
1 28603-001 0.53 18.8 5.97 9.8
2 28603-002 0.22 11.9 3.03 9.8
3 28603-003 0.98 7.2 3.80 0.85 1.98 6.3 0.171
4 28603-004 0.34 9.7 1.07 5.0
MARR for 220°C
31.0
Temperature 240°C
5 21903-004 1.02 21.8 5.11 11.9
6 21903-005 0.68 11.5 2.22 10.0
7 21903-006 1.50 21.2 6.16 11.3
8 21903-008 2.78 9.3 1.33 8.4
9 21903-010 3.70 9.5 4.75 1.66 2.38 6.4 0.194
10 26203-004 3.72 11.7 1.76 6.9
11 28603-007 0.89 51.9 8.98 13.5
12 28603-008 0.34 31.7 5.36 12.6
MARR for 240°C
24.8
Temperature 260°C
13 21903-001 2.89 22.2 4.07 11.7
14 21903-002 1.94 15.0 0.93 8.3
15 21903-003 4.32 25.9 6.05 12.4
16 21903-007 2.84 20.8 3.90 10.9
17 21903-013 2.77 20.9 3.53 11.3
18 21903-014 3.83 27.0 5.02 12.0
19 21903-015 1.61 16.3 0.91 8.0
20 26203-001 6.65 11.7 6.52 1.91 1.03 5.0 0.186
21 26203-002 8.33 13.5 1.42 6.1
22 26203-003 12.75 13.7 243 7.3
23 26203-005 4.01 23.9 4.91 13.2
24 26203-006 6.64 27.0 5.41 14.2
25 26203-007 1.81 21.4 2.85 12.2
26 28603-005 1.54 7.9 0.23 4.2
27 28603-006 3.46 11.7 2.68 8.7
MARR for 260°C
21.3

53




Table 15. t-values of improved kinetic parameters (Van der Laan and Beenackers Model)

No. MB # K; K, Kt(}; Kt(,zp) K? K, ¢
Temperature 220°C
1 28603-001 18.9 13.0 7.6 7.5
2 28603-002 8.0 5.4 14.5 6.2 2.6 4.1 13
3 28603-003 27.0 20.3 104 10.9
4 28603-004 13.3 10.6 1.9 5.8
Temperature 240°C
5 21903-004 16.3 10.0 4.6 8.8
6 21903-005 9.8 6.9 2.3 5.1
7 21903-006 23.3 14.2 7.6 11.4
8 21903-008 37.8 27.0 7.0 16.9
9 21903-010 47.7 36.2 35 20 14.3 18.2 35
10 26203-004 50.4 41.5 10.7 19.0
11 28603-007 15.1 4.9 3.5 8.2
12 28603-008 6.1 2.9 1.3 3.6
Temperature 260°C
13 21903-001 19.6 13.1 4.7 11.2
14 21903-002 12.8 10.5 1.2 7.8
15 21903-003 29.3 17.7 8.3 15.7
16 21903-007 19.2 13.2 4.7 11.0
17 21903-013 18.7 13.0 4.2 10.8
18 21903-014 26.8 16.0 6.5 14.9
19 21903-015 10.9 8.9 0.9 6.9
20 26203-001 43.3 35.8 49 26 5.1 19.3 57
21 26203-002 53.1 43.4 7.8 23.6
22 26203-003 72.2 57.6 17.9 29.1
23 26203-005 26.7 17.2 7.1 14.6
24 26203-006 42.9 26.6 11.7 21.5
25 26203-007 12.2 8.6 2.3 7.4
26 28603-005 9.8 74 0.4 4.0
27 28603-006 21.6 15.1 54 10.1

54




Table 16. Kinetic parameters of extended Van der Laan and Beenackers model
Temperature: 220°C

MB# K Kp K‘t(,l)) K‘t(’zg Kt 20 Kl(g) K, c
28603-001 0.531 17.9 0.208 6.31 12.8 0.212
28603-002 0.205 10.3 3.56 0.539 0.32 3 10.3 0.194
28603-004 0.298 7.43 0.217 1.09 5.5 0.215

MARR
36
Temperature: 240°C

Name K Kp K‘t(,l)) K‘t(’zg Kt 20 Kl(g) K, c
21903-004 1 24.8 0.443 5.65 12.1 0.23
21903-005 0.695 13.3 0.424 2.57 11.3 0.239
21903-006 1.5 26.1 0.391 7.38 14.5 0.259
21903-008 2.78 11.1 553 158 0.467 1.52 7 0.194
21903-010 3.91 12 ' ’ 0.258 3.07 10.9 0.311
26203-004 3.94 14.5 0.309 2.05 8.63 0.263
28603-007 0.854 491 0.491 8.91 11.9 0.226
28603-008 0.358 40.2 0.393 6.18 14.7 0.234

MARR
32
Temperature: 260°C

Name w5 s sy ko KD K, c
21903-001 3.03 28.6 0.525 4.76 13 0.234
21903-002 212 17.9 0.668 1.03 6.97 0.219
21903-003 4.47 33.6 0.471 7.15 14.9 0.242
21903-007 2.97 26.8 0.525 4.63 12.2 0.24
21903-013 2.92 26.3 0.55 417 12.7 0.243
21903-014 3.94 33.8 0.484 5.73 11.8 0.221
21903-015 1.74 20.3 0.571 1.08 5.76 0.203
26203-001 7.73 17.1 7.84 1.99 0.296 1.22 6.5 0.272
26203-002 9.51 19.1 0.326 1.69 7.95 0.271
26203-003 14.1 19.6 0.321 3.05 10.2 0.261
26203-005 4.22 325 0.28 5.92 15.9 0.223
26203-006 6.71 33 0.303 5.91 13.3 0.195
26203-007 1.86 247 0.439 3 9.86 0.186
28603-005 1.71 10.8 0.44 0.306 2.45 0.171
28603-006 3.64 15.5 0.472 3.38 12 0.271

MARR
22.5

55



Table 17. t-values of estimates for extended kinetic model of Van der Laan and
Beenackers
Temperature: 220°C

MB# K Kp K‘t(’l; K‘t(’zg Kt 20 K 1(3 ) K lo c
28603-001 20.4 10.9 7.35 8.26 7.49 14.6
28603-002 8.37 5.44 15.9 4.87 2.65 2.8 2.59 3.27
28603-004 11 8.2 5.89 2.2 3.6 5.51

Temperature: 240°C

MB# K1 Kp K,(}Q, K‘t(,zg Kt 20 K 1(2 ) K lo c
21903-004 16.3 9.84 8.92 4.72 4.36 8.56
21903-005 10.9 7.48 3.91 2.45 2.54 3.54
21903-006 23.4 13 12.5 7.64 6.22 12.9
21903-008 37.7 234 35 1 178 17.3 7.54 9.47 11.1
21903-010 45.9 23.6 ' ' 20.8 141 11.1 18
26203-004 429 25.2 29.9 10.7 13.3 225
28603-007 13.2 6.4 9.87 3.76 3.54 8.88
28603-008 5.94 2.87 3.4 1.34 1.67 3.99

Temperature: 260°C

I
21903-001 20.4 12.4 11.3 4.68 5.21 10.3
21903-002 141 11.8 9.12 1.17 2.87 4.57
21903-003 291 15.6 16 8.23 7.77 16.5
21903-007 19.9 12.6 11.3 4.63 4.86 9.47
21903-013 19.5 12.5 11.1 4.22 4.82 9.25
21903-014 26 14.6 15.8 6.52 6.84 14.5
21903-015 11.8 9.65 8.34 0.969 2.35 4.06
26203-001 39.9 254 49.6 23.6 27 4.62 8.12 14.7
26203-002 45.8 27.9 34.3 7.25 114 21.2
26203-003 60.1 32.4 41.6 17.7 19.4 35.1
26203-005 28 14.3 9.78 7.07 7.95 16
26203-006 41.8 21.6 16.8 11.6 12.8 24.5
26203-007 12.8 8.41 5.92 2.34 3.34 5.59
28603-005 11.3 9.09 5.81 0.418 1.35 1.61
28603-006 23.5 15.6 9.22 5.32 4.58 7.06
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Table 18. MARR values for extended Van der Laan and Beenackers model

MAAR
Methane 13.2
Light gases C;.4 6.3
Gasoline Cs_j» 10.9
Diesel oil Ci3.29 20.7
Wax Ca 59.7

57
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Figure 1. Schematic of stirred tank slurry reactor system.
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Figure 38. Parity plot for higher molecular weight hydrocarbons (Yang et al. Model).
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Figure 41. Parity plot for inorganic species (Yang et al. Model).
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List of Acronyms and Abbreviations

ASF

EOS

FTS

GA

LHHW

LM

LS

MARR

MW

ORPDM

PR

RDS

STSR

SV

TAMU

UR

VLE

WGS

Anderson-Schulz-Flory

Equation of state

Fischer-Tropsch synthesis

Genetic algorithm
Langmuir-Hinshelwood-Hougen-Watson
Levenberg-Marquardt

Large-scale (Newton large-scale method)
Mean absolute relative residual
Molecular weight

Olefin readsorption product distribution model
Peng-Robinson (equation of state)

Rate determining step

Relative residual

Stirred-tank slurry reactor

Space velocity (gas space velocity)
Texas A&M University

Usage ratio

Vapor-Liquid Equilibrium

Water-gas-shift (reaction)
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Appendix A

Modified Peng-Robinson Equation of State
Peng and Robinson (1976) proposed the EOS of following form:

RT a
P b vo+b)+bo—b) @A)

where: p = pressure; T = temperature, v = molar volume. Parameters a and b are correlated with

critical properties of components and follow the mixing rules. The mixing rules are

i i (A.2)
j =l

a; 3 (- ;) (A3)
aj =ag;-a;(T) (A4)
0.45724-R°T, ;*
e = O (A.5)
c,i

b:ZZl"bl' (A6)
0.0778-R-T. ;

et (A.7)

i =
F c,i
where: z is a mole fraction of species in the liquid x orin the gas y, T,. and P, are the critical

temperature and pressure for pure component, k; ; is a binary interaction factor between two

species and temperature dependent coefficient o is:

o;(T)= (1 + fi(@)- (1 o ))2 (A.8)
where: T, is reduced temperature, 7, =T/T,, (T and T. are in K) and fi(@) is a function of

acentric factor o,

fi(@)=0.37464+1.54226 - w; —0.26992 - ;> (A.9)
Li and Froment (1996) proposed the following modification of f; (w) function (for permanent

gases and water only):
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fi(@)=0.3608281+1.14748 - ; —0.5005316 - ;> — 0.04187888 - ;" (A.10)

The Equation (A.l1) can be expressed in dimensionless form by introducing a

compressibility Z as follows:

Z3—U—B)ZZ+@—2A—ﬂ#}2—@3—32—3ﬂ=0 (A.11)

where the dimensionless parameters 4 and B are

a-P

Y= (A.12)
RT?
p=bP (A.13)
R-T
and the compressibility factor is:
el (A.14)
R-T

Equation A.11 yields one root for a one-phase system or three roots for a two-phase
mixture system. In case of the two-phase region, the largest root gives the compressibility factor

Z of the vapor, whereas the smallest positive one gives the compressibility factor Z of the liquid.
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Appendix B
Critical Properties of Durasyn 164 Oil

Durasyn 164 oil was used as a start-up fluid in the STSR tests of the Ruhrchemie catalyst,
and it is present in the liquid withdrawn from the reactor during Fischer-Tropsch synthesis. Its
critical properties and acentric factor are needed for the VLE calculations. The following

information was obtained from the Amoco (BP group) Co. (manufacturer of Durasyn):

- Durasyn is a mixture of polyalfaolefins; i.e. mixture of 1-decene dimers, trimers, tetramers and
higher oligomers.
- Its boiling point is 375 °C to 505 °C

- Average molecular weight is ~ 420 g/mol

In order to estimate the properties needed for the VLE calculations it was assumed that

Durasyn is 1-decene trimer (416.8 g/mol). The structure of 1-decene trimer is shown in

Figure B.1.
How, G & o ¢
2 % IN TN N TN
AN
INL T INL N %
H,C C C C C
H, H, H, /
He=—""
CH
H7C/ 2
CH
H2/0/ 2
CH
HZ/C/ 2
CH
HC ™ 2

Figure B.1. 1-Decene trimer structure
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Critical pressure
We have used Joback’s group contribution method to calculate the critical pressure of
Durasyn (Joback, 1984; Joback and Reid 1987). The Joback’s method is modification of the
Lydersen’s method (Poling et al., 2001). According to this method the critical pressure is
calculated as:
-2

P.(bar)={0.113+0.0032 N 41s — > Ny - (pck) (B.1)
k

where: Nj and pck are group number and group contribution, respectively; N s 1S a total

number of atoms in molecule. The pck-values are provided contributors and they are
characteristic for particular molecule group. Parameter values as well as groups and atom

numbers needed for calculation of critical properties of Durasyn are provided in Table B.1.

Table B.1. Parameters needed for Joback's Method (Poling et al., 2001).

Groups N, tck pck N.toms
-CH3 3 0.0141 | -0.0012 12
=CH2 1 0.0113 | -0.0028 3
=CH- 3 0.0129 | -0.0006 6
=C< 2 0.0117 | 0.0011 2
-CH2- 21 0.0189 0 63
Total 30 86

Average error for compounds with 3 or more carbon atoms is less then 5% (Poling et al.,
2001). The critical pressure predicted by this method for n-paraffins is in very good agreement
with experimental data reported in the literature (Reid et al., 1977; Ambrose and Tsonopoulos,
1995; Passut and Danner, 1973; Poling et al., 2001; Nikitin et al., 1997; Gao et al., 1999, 2001)
as shown in Figure B.2. Comparison of Joback's method with other methods for n-paraffin
critical pressure is also shown in this figure. Experimental data in Figure B.2 are indicated by
triangular points. Lydersen (1955), Marano and Holder (1997), Gao et al. (2001) and Joback's
(Joback, 1984; Joback and Reid 1987) methods (lines in Fig. B.2) are predictions. Lydersen and

Joback's methods are group contribution methods and can be used for a wide range of species
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(like branched hydrocarbons), whereas Marano and Holder and Gao et al. predictions are valid

only for n-paraffins (they are the asymptotic behavior correlation (ABC) methods).

55
A Experimental data
50
—— Marano and Holder, 1997
[ A

*° — Gao et al., 2001

40 ¢ —— Lydersen, 1955
§ 35 Joback, 1984, 1987
o A
3 30
»n
2
a 25
©
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:E 20
o

15 [

10 |

5 L

0 ‘

0 5 10 15 20 25 30 35 40 45

Carbon Number

Figure B.2. Predictions of the critical pressure of n-paraffins.

Critical temperature

We have used two group contribution methods to calculate the critical temperature:
Joback (Joback, 1984; Joback and Reid, 1987) and Klincewicz’s method (Klincewicz and Reid,
1984).

Joback’s method requires a boiling point and structure of a molecule to predict the critical

temperature of a compound:

2
T.(K)=T,(K)-| 0.584+0.965- {Z Ny - (tck)} - {Z Ny - (tck)} (B.2)

k k

where: N, and #ck are group number and group contribution, respectively; 7}, is a boiling point.

Average error for compounds with 3 or more carbon atoms is 1.1% (Poling et al., 2001). The

critical temperature predicted by this method for n-paraffins is in good agreement with
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experimental data up to Cp4, but beyond Csg the error is greater then 5%. Therefore, we also used
the Klincewicz’s method to calculate the critical temperature of Durasyn, since it is more
accurate for n-paraffins around Cs, but is less accurate for paraffins up to Cys (Figure B.3).
Besides the boiling point and the structure of molecule, this method requires a molecular weight

of the compound:

T.(K)=4540-0.77- MW (g / mol)+1.55-T, (K )+ > Ny - (tck) (B.3)
k

where: Nj and tck are group number and group contribution, respectively; 73 is a boiling

point; MW is a molecular weight of compound. The N and fck-values for Durasyn are shown

in Table B.1.

1200

1100 -
1000 -
900 ] =
800

700

600

A Experimental data
—— Marano and Holder, 1997
—— Gao et al., 2001

—— Ambrose, 1979

—— Lydersen, 1955

—— Joback, 1984, 1987
Klincewicz and Reid, 1984

Critical Temperature (K)

500

400 -

300

200 / .
0 5 10 15 20 25 30 35 40 45
Carbon Number

Figure B.3. Predictions of the critical temperature for n-paraffins.

A comparison of these two (Joback's and Klincewicz's) and other prediction methods
with experimental data is shown in the Figure B.3 for n-paraffins. Experimental data are
designated with triangular points, whereas solid lines are predictions. Ambrose (1979), Lydersen

(1995), Joback (Joback, 1984; Joback and Reid 1987) and Klincewicz's (Klincewicz and Reid,
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1984) are group contribution methods and can be used for prediction of properties of different
types of hydrocarbons. Marano and Holder (1997) and Gao ef al. (2001) are ABC (asymptotic
behavior correlation) methods that can be used only for n-paraffins. As can be seen the ABC
methods provide more accurate predictions for n-paraffins but can’t be used for predictions of
critical properties of branched hydrocarbons.

Both of these methods (Joback’s and Klincewicz’s) give almost the same result for the
maximum value of the critical point and similar values for the minimum 7;.. However, the critical
temperature range calculated by the Joback’s method is more narrow than the one calculated
from the Klincewicz’s method (Table B.2). We used the average critical temperature calculated

from the Joback’s method for the VLE calculations.

Table B.2. Predicted critical properties for Durasyn.

P., bar T., K TME
Joback 6.44 794.4 | 953.7 | 874.1
Klincewicz - 751.5 | 953.0 | 852.2

where T"¢ is the average critical temperature; T8 = (T Cmin + T )/ 2.

Acentric Factor (o)

Several methods are available for prediction of an acentric factor. Comparison of
predicted values with experimental data for n-paraffins is shown in Figure B.4. Experimental
data are represented by triangular points, and predictions by solid lines. Gao et al. (2001) and
Marano and Holder (1997) methods can predict acentric factor for n-paraffins only. Gao et al.'s
model has the best accuracy for n-paraffins experimental data. Edmister (1958), Ambrose and
Walton (1989) and Lee and Kesler (1975) methods require the critical pressure, critical
temperature and boiling point temperature for prediction of the acentric factor, but they can be
used to predict acentric factors for different types of organic species. Ambrose and Walton’s and
Lee and Kesler's method have similar accuracy and are more accurate than Edmister's method for
n-paraffins up to Cyy (Fig. B.4). These two methods were used for calculation of the acentric

factor of Durasyn.
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Figure B.4. Predictions of the acentric factor for n-paraffins.

The critical pressure and the critical pressure, and ratio of the boiling point to the critical
temperature (7} /T, ) of Durasyn were calculated by Joback’s method. The ratio of 7} /T, is

equal to 0.816. Calculated acentric factors are shown in Table B.3.

Table B.3. Predicted values of the acentric factor for Durasyn.
Acentric factor (o)

Ambrose and Walton 0.546

Lee and Kesler 0.569

For the VLE calculations we used the critical pressure and the average critical
temperature from the Joback’s method, and the acentric factor from the Lee and Kesler’s method
(Table B.4).

Table B.4. Properties of Durasyn for the VLE calculations.
P, bar | T., K ®

6.44 | 874.1 | 0.569

The corresponding experimental values of critical properties for Cso n-paraffin are: T, = 843 K,

Pc = 6.36 bar, whereas the calculated value of the acentric factor is ® =1.233.
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Appendix C
Calculation of the Vapor-Liquid Equilibrium

There are two phases in the reactor under the reaction conditions: the gas phase and the

liquid phase (Figure C.1). The gas phase in the reactor consists of components that are measured

at the exit of the reactor in one of the three phases: tail gas, aqueous phase and organic phase (see

Figure 2). The gas phase components are: inorganic species (H,, CO, CO,, H,O) and

hydrocarbons (up to ~ Cj). The liquid phase in the reactor consists of wax (high molecular

weight products produced during F-T synthesis) and the start-up fluid (Durasyn).

inlet (gas) Gas (tail gas, aqueous, organic)
F'G
Reactor
Liquid phase
FF

Figure C.1. Reactor schematics for the VLE calculations

Molar flow rate of i component in the gas phase FiG (mol/h), is calculated as follows

FiG :Fitail +Fiaqu +'Fiorg

whereas for the liquid phase Fi¥ (mol/h) is

F~L _ Fl wax

]

where “wax” refers to analyzed hydrocarbons (Cjo.s0), unanalyzed wax and Durasyn.

(C.1)

(C.2)

The following species were taken into account in the VLE calculations: inorganic species

(Ha, CO, CO,, H,0), n-paraffins (C;-Cy), 1-olefins (C,-C;s), Durasyn (Csp) and two pseudo-

components: C,," paraffins and unanalyzed wax (with critical properties and acentric factor of
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Csp n-paraffin). Thus, the VLE calculations were done for a two-phase mixture of 41 components
(species).

The pseudo-component C,;" represents lumped hydrocarbons (up to Csg) and its molar
flow rate is calculated as a sum of molar flow rates of paraffins from C,; to Cso (some of these

are present in both the gas and the liquid phase):

50
G,L _ G,L
Foo, = zlel (C.3)
1=

where superscripts G and L denote vapor and liquid phases, respectively.
The unanalyzed wax was treated like n-paraffin with 30 carbon atoms, whereas critical

properties of Durasyn were calculated as described in Appendix B.

Experimental values of mole fractions in the gas and liquid phases were calculated as follows:
G
exp F,

ieQ

(C4)

exp _ i
xi - ZEL (C.S)

ieQ

where F¢ and F* represent molar flow rates of species in the gas and liquid phase, respectively;
Q) represents the set of species that were included in VLE calculation (H,, CO, CO,, water,
paraffins C;,, 1-olefins C, 5, lumped pseudo-component Cai', pseudo-component unanalyzed
wax and Durasyn).

However, experimental molar flow rates are not available for all components in both
phases present in the reactor. For example inorganic species and lower molecular weight
hydrocarbons (~C;-Cy) were not analyzed in the liquid phase, whereas high molecular weight
hydrocarbons (>Cs) are not detected in the products leaving the reactor as the gas phase (Figure
C.1). Therefore, we need to apply some method to calculate molar flow rates of all species in the

liquid and the gas phase. This is accomplished through VLE calculations.
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VLE Calculations Procedure

Figure C.2 illustrates the input and output variables in VLE calculations.

gas
—>
Vi
input
——>| VLE calculation
Zj Xr
liquid
>
Xi

Figure C.2. VLE calculations schematic

Total mole fraction of component 7 (z;) at the reactor exit is calculated as follows:

FO +Ft

Zi = (OX)
(16 1 1) (C6)

1

Mole fraction of the liquid phase (x1) is given by:

Wi B

i _Fr

XT = = (C7)
SR +F) Fy
i
whereas the total mole fraction of the gas phase is:
yr =1-xp (C.8)

Assuming that the gas and the liquid phase are in thermodynamic equilibrium one has to

solve the following set of equations:

X; G ’
1 1 (yl)
xpoxp+y;-(l-xp)=2z (C.10)
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This is the nonlinear set of equations where fugacity coefficients ¢31.L (x,), ¢?,G (v,) are
functions of P, T and composition. The total mole fraction of species z; and total mole fraction
of liquid phase x; are known from the product analysis, whereas mole fractions of species in the

liquid (x; ) and gas (y; ) are unknown.

Algorithm for calculation of vapor-liquid equilibrium

1. Guess initial values of the mole fractions of all species in the liquid and the gas phase

Xi» Vi
2. Solve the modified Peng —Robinson EOS and calculate fugacity coefficients in the gas gﬁiV
and liquid phase ¢3,~L corresponding to the current values of x; and y;.

Inputs into this subroutine are: composition of the liquid and gas phase; the system
temperature and pressure, as well as critical properties (temperature, pressure, acentric factor) of

all species.

3. Calculation of K-values:

L
K:ﬂ

; . (C.11)
z V
i
4. Calculation of “new” x; and y; values:
Zj

X; = C.12

! )CT+KZ"(1—XT) ( )

yi = Ki-x; (C.13)

Equation (C.12) is obtained from mass balance on species i at the exit as follows:
Molar flow rate of i in the liquid + Molar flow rate of i in the gas = Molar flow rate of i

in the overall flux at the reactor exit, i.e.:
x; - Ff +yl--FTG=zl--(F71~‘ +FTG) (C.14)

where: F% , FTG are the total molar flow rates of the liquid and the gas phase, respectively.
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Divide (C.14) by the total molar flow rate at the reactor exit (£ = FTL + FTG ), to obtain:

Xp X7+ Y Vr = Z (C.15)
Combining (C.6) and (C.13) we obtain:

xi-xp + %Ki -(1-x7) =z

which after rearrangement leads to (C.12).

Equation (C.11) follows from the definitions of the K-value and fugacity coefficients:

<

K,

l

, (C.16)

1

yi'é‘V'P:xi'éiL'P (C.17)

1

=

In equilibrium: J}iV = ff , and combining the last two equations one obtains (C.11).

5. Checking of objective function for convergence. If the objective function is less or equal to

criterion for convergence € then finish.

s

if {SVLE = Z

< 6} then finish (C.18)

where fl-Vand fl-L are fugacities of i species in the vapor and liquid phase, respectively.

6. If (C.18) is not satisfied go back to step 2 and keep on iterating until the criterion for

convergence is satisfied.
As an illustration of the above procedure we show results from one set of calculations

(Table C.1 and Figure C.3). Additional results (in graphical form) are shown in the Results and

Discussion section of the report (Figures 28 and 29).
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Table C.1. Example of VLE calculation

MB: 21903 001 |

xT: 0.0109369

- mole fraction of total liquid at the exit (Input to subroutine)

Input Experimental values Output - calculated values
Group Carbon # z yexp xexp y X K xnorm
Carbon Monoxide 0.4268405  0.43156 0  0.43068 0.024686 17.45
Hydrogen 0.2495477  0.252307 0 0.251793 0.011932 21.10
Carbon Dioxide 0.2200364 0.222469 0 0.222016 0.024698 8.99
Water 0.051163 0.051729 0 0.051623 0.011289 4.57
1 0.0114569 0.011584 0 0.01156  0.00099 11.68
2 0.0033668 0.003404 0 0.003397 0.000471 7.22
3 0.0011265 0.001139 0 0.001137 0.000231 4.93
4 0.0006931 0.000701 0 0.000699 0.000207 3.37
5 0.0004922  0.000498 0 0.000497 0.000212 2.34
6 0.0003209 0.000324 0 0.000324 0.000197 1.64
7 0.000271  0.000274 0 0.000273 0.000236 1.16
8 0.0003744  0.000379 0 0.000378 0.000461 0.819
- 9 0.0004623  0.000467 0 0.000466 0.000801 0.582
8:; 10 0.0003244 0.000315 0.001151 0.000319 0.000772 0.414 0.000842
‘g 11 0.0002698 0.000255 0.001579 0.000263 0.000882 0.298  0.000963
12 0.0002293  0.00021 0.002009  0.00022 0.001045 0.211  0.00114
13 0.0002199 0.000194 0.002605 0.000207 0.001382 0.150 0.001508
14 0.0002136  0.00018  0.00326 0.000196 0.001841 0.106  0.002009
15 0.0001954 0.000155 0.003852 0.000173 0.002249 0.0768 0.002454
16 0.0001826 0.000131 0.004863 0.000154 0.002779 0.0554 0.003033
17 0.0001652 0.000105 0.005644 0.000132 0.003201 0.0411 0.003494
18 0.0001533  8.32E-05 0.006494 0.000114 0.003698 0.0309 0.004036
19 0.0001325 6.25E-05 0.006457 8.85E-05  0.00411 0.0215 0.004487
20 0.0001122  4.6E-05 0.006094 6.41E-05 0.004461 0.0144 0.004869
2 0.003509 0.003548 0 0.003541 0.000434 8.15
3 0.006693  0.006767 0 0.006753 0.001291 5.23
4 0.0036065 0.003646 0 0.003639 0.001009 3.61
5 0.0021617 0.002186 0 0.002181  0.00087 2.51
6 0.0014214 0.001437 0 0.001434 0.000827 1.73
- 7 0.0009928 0.001004 0 0.001002 0.000798 1.26
5 8 0.0007179  0.000726 0 0.000724  0.00081 0.894
E? 9 0.0008199  0.000829 0 0.000827 0.001372 0.603
10 0.0004638  0.00046 0.000768 0.000457 0.001036 0.441 0.001131
11 0.0002408 0.000234 0.000863 0.000235 0.000767 0.306 0.000837
12 0.000197 0.000189 0.000881  0.00019 0.000825 0.230  0.000901
13 0.0001451 0.000138 0.000829 0.000137 0.000887 0.154 0.000968
14 0.0001064 9.91E-05 0.000768 9.76E-05 0.000896 0.109  0.000978
15 7.362E-05 6.95E-05 0.000448 6.52E-05 0.000834 0.0782  0.00091
lumped C21+ 0.0007026  9.65E-05 0.055512 5.47E-05 0.059292 0.0009 0.064717
unanalyzed wax 0.0013133 0 0.12008 7.49E-05 0.110604 0.0007 0.120723
Durasyn 0.0084854 0 0.775844 0.001813 0.714619 0.0025 0.78
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a MB 21903_1 b MB 21903_1

01 0.1
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Figure C.3. Example of VLE calculations (MB 21903 1; Reaction conditions: 260°C, 1.48 bar,
0.667 H,/CO and SV =4 NL/g-Fe//h

Table C.1 shows all input values for the VLE calculations (xT and the overall mole
fractions for all 41 components considered in the VLE calculations) and the results of the VLE
calculations (mole fractions in the liquid phase and the vapor phase, and the corresponding K
values). In columns 5 and 6 of this Table are experimental values in the gas phase and the liquid
phase, respectively. The last column contains the normalized values of calculated mole fractions
in the liquid phase defined by equation (5) in the Results and Discussion section of the report. It
can be noted that the calculated values for the inorganic species in the gas phase are in excellent
agreement with the corresponding experimental values.

Comparison of calculated and experimental values for hydrocarbons (except for Cy;",
unanalyzed wax and Durasyn) is shown in Figure C.3. There is very good agreement between the
calculated and experimental values for the gas phase over a wide range of carbon numbers,
whereas larger differences are observed for the liquid phase composition. We believe that the
latter is caused by experimental errors in quantification of the liquid phase components

(including Durasyn and wax).
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Appendix D
Kinetic Model of Lox and Froment

ALIl model of Lox and Froment (1993b) utilizes Langmuir-Hinshelwood-Hougen-
Watson (LHHW) approach and concept of the rate-determining steps (RDS). Elementary steps
(reactions) for Fischer-Tropsch synthesis (FTS) and Water-Gas-Shift (WGS) reaction are shown
in Tables D.1 and D.2, respectively. Reactant molecules are adsorbed on two types of active
sites, one for FTS and the second for WGS reaction, where the surface reactions take place. The
model assumes two RDS in each path of formation of paraffins and olefins in the Fischer-
Tropsch reaction:

e adsorption of carbon monoxide (HC1) and desorption of the paraffin (HCS) in the

reaction path leading to the paraffins,

e adsorption of carbon monoxide (HC1) and desorption of the olefin (HC6) in the reaction
path leading to the olefins,

Table D.1. Elementary reactions for FTS (ALII Model in Lox and Froment, 1993b).

No. Elementary reactions E:(i)lfielisli(;zlgfcﬁ::tsa:; d

HC1 | CO+Cy Hy,y Iy > Cy1Hpy 1 1CO (n21) kuct (kco)

HC2 | C,1Hp, 1 1CO+Hy =Cy 1Hypy | H1C+H0 (n21) Ko

HC3 | C,1Hyy 1 1C+Hy =Cy_1Hy, 1 1CHy (n21) Kycs

HC4 | C, 1Hyy 1 hCHy =CHypqly (n21) Khca

HCS5 | C,Hyy 1 +Hy > CyHyyyo + HL (n21) kucs (kip)
HC6 | C,Hy,ly > CpyHy, +Hlp (n>2) krce (kio)

HC7 | Hy +21; =2H], Kucy (Ku,)

where /; means a vacant active site on the surface of catalyst.
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Assumptions:

— Elementary reactions 2,3,4,7 are in pseudo equilibrium. Steps 1, 5 and 6 are not at
equilibrium (irreversible steps).

— There is no single rate-determining step.

— Reactions proceed according to Hougen-Watson (H-W) mechanism.

— Reactant molecules are absorbed at active sites onto the surface of the catalyst

The above mechanism gives following rates for particular components (concentrations expressed
in mol/ m’ ):

Paraffin rates:

kco HC Cco n-1
kt,p ) CHz ’ k C k C ) (0[) (D.1)
_ conc Lot Ly “H, n>1
CyHypin kco e Cco 1 -
1+ : -
kCO,HC ’ Cco + kt,p ’ CH2 l-«a
Olefin rates:
k kCO,HC 'Cco ( )n—l
vk Co+k C, (D2)
_ comc " Ceot tp S H, n>0 :
CnHZn kCO e . CCO 1 -
1+ ’ :
kCO,HC 'Cco +kt,p 'CH2 -«
where
_ kco,uc - Cco (D.3)
kco,nc - Cco +kip-Ch, +ki
1 3 1 3 1
<kCO,HC> = -m <kt,p> =—"m <kl,0> = . I’I’lOl

S 8ecat S &cat S 8cat

These parameters correspond to kj, k5 and kg, respectively, in Table IX (Lox and Froment,

1993b).
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The following WGS mechanism was used. The RDS for the WGS reaction is a reaction
between adsorbed carbon monoxide and adsorbed hydroxyl group (WGS2 in Table D.2).

Table D.2. Elementary reactions for WGS (ALII Model in Lox and Froment, 1993b).

No. Elementary reactions Expressiozloit;iséi: ((2:;13 ?:g;;luihbrium
WGS1 | CO+1, =COl, Ky was
WGS2 | COI, + OHl, = COOHI, +1, ky was » Ko.was
WGS3 | COOHI, =CO, + Hl, K3 wes
WGS4 | HyO+2-1, = OHI, + Hi, K4 wes
WGS5 | Hy+2:1, =2-Hi, Ks was

where [, is a vacant active site on the surface of catalyst, but different type than /; (in Table D.1)

Rate of carbon dioxide formation is given by:

1

' 0.5 0.5
kv‘[CHp'CCO/CH2 - Cco, "CH, ]

Kwags

Rco, = o (D.4)
(1+KV~CH20/CH2 : )2
where
ANE
v Kco,was " Ku,0,wes ) | mol | m
ky, =k2,WGS' 0.5 'Clz,zot <k >=_7' 71
KHz,WGS S 8cat mo

05
. Kmowes o m?
H, WGS

These parameters correspond to &, and K|, parameters in Table IX (Lox and Froment, 1993b).
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The equilibrium constant of water gas shift reaction Kygs is a function of temperature

only (Lox and Froment, 1993b)

In(K s ) = 5078.0045 - T~ —5.8972089 +13.958689-10 % - T +

(D.5)
—27.592844-1078 . 72

If one assumes that the only products are n-paraffins, linear olefins, carbon dioxide and
water, then the rates of formation of CO, H,, and water can be expressed from the reaction

stoichiometry as:

Carbon monoxide

50 50
—-n —-n -1
Reo = Z(T'chHZM j+ > (T'chﬂ2n ]+TRC02 (D.6)
n=1 n=2
Hydrogen
50 50
-2n-1 —2n 1
RH2 - Z( 1 .RCnH2n+2]+ Z ( 1 .RCnH2n ]—FI.RCOZ (D7)
n=1 n=2
Water
50 50
n n -1
Ry,0 = Z(T'Rcmzm j+ > (T'RC,,HZ,, j+TRc02 (D.8)
n=1 n=2

Note that rates of formation of H, and CO will be negative. Also, this model predicts that
rates of formation of n-paraffins and olefins, as well as the chain growth probability factor, are
independent of carbon number (Equations D.1-D.3). This model predicts that the olefin to
paraffin ratio is independent of carbon number, and that the carbon number distribution follows

the ideal Schulz-Flory distribution.
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Appendix E
Kinetic Model of Yang et al.

Main features of the kinetic model of Yang et al. (2003) are:

e olefin readsorption,

o different kinetic rate constant for methane than for others paraffins,

e solution of hydrocarbon formation reaction rates requires numerical solution of a set of
two non-linear algebraic equations,

e olefin to paraffin ratio is a function of carbon number.

Hydrocarbon Formation

Elementary reactions for this model are given in Table E.1.

Table E.1. Elementary steps of FTS (FTIII in Yang et al., 2003).

Expression of rates (small)

No. Elementary reactions and equilibrium constants
(capital letter)
HC1 CO+l — COly Kpc1 (Kco)
HC?2 C011+H2 =H2COZI KHC2
HC 3 H,COl; + Hy =CH, Iy + H,O Kpes (Kp,0)
HC 4 H, + 21 = 2H], Kpca (Kpy,)
CHzll +CH2 ll ZCH2CH211 +ll
HCS5(M) | C,Hy,, [ +CH,y [y =C,,H,,,CH, I} +1; kycs (kp)
nx1
CyHyp,l1 +HH1 =C,H nh+1
HC 6(11) nii2n t1 + 1 nt12p+1+1 + 1 KHC6
n>1
HC 7(n) CnHops1 1 +HI > CpHppy2 +21) krcom (kicr,)
nx1 kpcy (ki p)
CyHyylh =CyHy, +1 + -
HC 8(n) n>2 kHCS’ kucs» (Kio)

where /; means a vacant active site on the surface of catalyst.
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Assumptions:

Steps HCS, 7 and 8 are RDS. All other elementary reactions are in dynamic equilibrium;

Steady-state conditions are reached for both the surface composition of catalyst and

concentrations of all of surface intermediates involved;

Rate constant of elementary steps for formation of hydrocarbons (4, ) is independent of

carbon number of the intermediate involved in the elementary reaction except for

methane (k; ¢y, );

Reactant molecules are absorbed at active sites onto the surface of the catalyst.

Rates of formation of methane, other paraffins and olefins are given in Equations E.1, E.2

and E.3, respectively. Methane rate constant (kyc7v) is different than rate constants for other

paraffins (kpcy).
n 23
feco I,
Ren, =kpcim Ky Ky - K3 - Ky K¢ -— .
S0
feo 13
H,

where

Re w,,., =kncr Ki-Ky K3-Ky K¢ ———

H,0

nx2
7 72
fCO'fHZ

Re my =kiics (1= B,)- Ky Ky - K3 -—

Ju,o ~DENOM

nx2
o krcs - A
n
kpcs - A +kper - Ay +kfics - (1= B, ) DENOM
n=2
_kncs /¢t
ﬂl’l - k+ ’ n
P s s
HCS g A"+ B.Y 472§ CoisaHo(niv2)
i=2
n=2
k A
L Hes A

kcs - Ay +kper - Ay + kg - DENOM
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5 krcs-DENOM
By +kjicg - DENOM
By =kpcs - A +kper -4
Y
feco 1y,
Al =K1K2K3 e —
S0

Ay =K4K¢ - [,

and DENOM is

DENOM=1+K2'5 f[(_)ls + K1 'fCO +A1+K1K2-J}CO-fH2 +
2

525
Jco Ty,

4 fH,0

+

noJj
0.5 20.5
+A1-(1+K4 K6-fH2j- > T

j=2i=2
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WGS Reaction

Assumptions:

e Elementary reactions 1 — 3 and 5 (Table E.2) are in dynamic equilibrium. The 4™ step is

the rate-determining step (RDS);

e Reactant molecules are absorbed at active sites onto the surface of the catalyst.
e Concentrations of the adsorbed species involved in RDS reaction(s) are much larger then

those of the other adsorbed species.

Table E.2. Elementary steps for WGS reaction (WGS3 in Yang et al., 2003).

No. Elementary reactions

Expression of rates (small) and equilibrium
constants (capital letter)

WGS1 CO+12 = COZz KWGSl
WGS2 H20+2'12 ZOle +H12 KWGSZ
WGS3 COIZ + OHZz = COOHZZ +12 KWGS3

WGS4 | COOHI, = CO, + HI,

kwcsa > Kwgsa

WGSS5S 2'H12:H2+2'12

1/Kwess

where [, means a vacant active site on the surface of catalyst, but different type than /.

The above mechanism leads to the following rate of carbon dioxide formation:

. . 1 . .
Jeo fu,0 =7 fco, Ty,

Kwas

Reo, =hy -
) 205 .
T, * Ky - Jeo fr,0

where Kwgs 1s given by Equation (D.5) and

ky =kwcsaKwaes
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Appendix F
Hydrocarbon Selectivity Model of Van der Laan and Beenackers

Van der Laan and Beenackers (1998, 1999) developed olefin readsorption product
distribution model (ORPDM) for formation of hydrocarbons in Fischer-Tropsch synthesis (FTS).
Reaction network of hydrocarbon formation for this model is presented in Figure F.1. Chain
growth is initiated by hydrogenation of adsorbed monomer (‘'CH.) to adsorbed methyl group
("CH3). Chain propagation occurs via insertion of adsorbed monomer into adsorbed alkyl species
(*C,1H2,1+ 1), which can terminate to paraffin (C,H,,+2) by hydrogenation or to olefin (C,H>,) by
dehydrogenation (hydrogen abstraction). According to this reaction network olefin readsorbtion
leads to adsorbed alkyl species, which can propagate or terminate. Detailed stoichiometry and
kinetic equations of ORPDM model for its elementary reactions are presented in Table F.1.
ORPDM is selectivity model with pseudo-constants (4), which include true kinetic constants (k)
and concentrations of some intermediates. Van der Laan and Beenackers assumed that kinetic
parameters (rate constant) for methane and ethylene formation are different than the

corresponding rate constants for C," paraffins and C3" olefins.

C2H4 CnH2n
rt,o(2) rr/o(2) rt/o(rz) rr,o(“)
. rp (0) . r, (1) . rp (2) p(n-l) . rp(n)
CH2 —_— CH3 — C2H5 —> > C'n-H2n+1 _—
rt,p(l) J:,t/p(z) J:.t/p(n)
CH4 C2H6 CnH2n+2

Figure F.1. Reaction network of hydrocarbon formation (FTS) with olefin readsorption.
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Table F.1. Elementary steps of FTS (Van der Laan and Beenackers 1998)

No. Stoichiometry equations Kinetic equations
formation of adsorbed methyl group C;"
0)
HCI ‘ O =k -6 Oy, =4
D p,1 "YCH,,s H,s 1
CHy,s; +H,s; —21 5 CHj, s 2 !
m—f . .
p " = kp HCHz,Sl HCnH2n+1>Sl
propagation (n) _ .
p = ﬂp eanzanl
HC2| CH CH,,s,—25C, \H
niopi1,81 + Gy, 8 n+1412543551 where
n=12,. Ap =k, Ocy, g
n=12,..
(n) . :
I’t,p - ktsp 9H>s1 QCnHZnH’Sl
termination to paraffin (n) _ )
i rl,P - ﬂ”fyp eanZnJrlasl
HCS CnH2n+lﬁ Sp+ H, B L CnH2n+2 + 2S1 where
n=12,. Aep =k p-On s,
n=12,
s n) _
termination to olefin Vt(,o) = k,yg : '9S1 -ecn Hypo1o1
k n
Cotlypi1,81 + 51— C,Hy, + H, 51+ 51 ”t(,o) = Ao 00, H,,,.
HC4 n=2.73,... where
ﬂ't,o = kt,o esl
n=2,3,
n N
. rr(,o) =k o0 O Ce,m,,
olefin readsorption
n)_ Z* S
CH H k., CH Fro =40 L C,H,,
+H,s1 +5 ————> S1+s
HC5 nt42n »9] 1 n*42n+1>°1 1 where
n=273,...
ﬂ’r,o = kr,o Hsl 'HH,SI
n=2,3,

s; means an active site on the surface of catalyst; @is a surface coverage of adsorbed species;

C’ is a concentration of species at the surface.
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Based on reaction network shown in Figure F.1 and kinetic equations in Table F.1 the

reaction rates for paraffin and olefin formation are:

Methane
1 1

Rey, = ’?(,;2 = /152) Oy, (F.1)
Paraffin C,"

RCnH2n+2 - rt(a};j) - ﬂ“t,p | HCHHZn-f-lrSl (Fz)
Ethene

2 2 2 #2)

RC2H4 = r(,O) - r},O) = ﬂlg,O) ’ 0C2H5,Sl - AVEO) ' C(s}zH4 (F'3)
Oleﬁn C;—

Re wn,, = i) = =2, Oc, ty, 1.5~ A0 CC 1y, (F.4)

where Ois a surface coverage of adsorbed species whereas C° is a concentration of species at the
surface. Both of them are unknown.

The assumption was made that the reaction rate of an olefin Re u,, is proportional to its

partial pressure pc 5, -~ in the gas phase of perfectly mixed continuous reactor, i.c.

SV (F.5)

R, =p., 2" n>2
CnH2n CnHZ)l -
R -T

where R, is a universal gas constant, 7" is temperature and SV is a space velocity (m’ gear i) at

the reactor exit.

N

Partial pressure pc -~ and concentration Cp. ,,
ntt2n

of species at the surface are related

by vapor-liquid equilibrium constant called pseudo-Henry constant Hec ;|

_CS ,
anHZn - CCnHzn HeCnHZn (F6)
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Equilibrium constant Hec 5, ~is an exponential function which depends upon the carbon
number of the olefin
Hec p, =Heg: exp(— c- n) (F.7)

where c is a positive constant.

Surface coverage of the intermediate species Gy c can be calculated using the
n

Hpp1.51

pseudo-steady state approximation:

deganZnHaSl —0 (F.8)
dt
All the above equations and assumptions lead to the following expressions for reaction

rates of hydrocarbons:

Methane
A
Ren, = Ay —Sgr (F9)
Apthp
Ethane
A
Ry, =AY — A a (F.10)
/1p+/1t’p
Paraffin C;"
R, typr = H1.p —(Tﬂt lla (F.11)
Iy 22
Ethene
A2) 2
Re . = 20 L .« (F.12)
Cf 1+/1(r2’29 exp(2c) A +/1g;) ?
Olefin CiJr
ﬂ“to
Ry, = Ha- (F.13)

1+ 4, exp(c n) A +11p i)
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Olefin to Paraffin ratio, from Equations (F.13) and (F.11), is

Renn _ A, >3 (F.14)
ﬂt,p ) (1 + /’Lr,o : eXp(C : n))

Cn HZ n+2

Equations F.9 to F.14 contain 10 parameters (ﬂl,/ip,/l(l) A2 a0 A2 g A2) A 05C)-

t,p>t,p>"t,p>7t,0°7,0°7r,0°

In order to reduce number of parameters the pseudo-constants (1) are re-parameterized

with reference to termination of paraffin (4, ,). Additionally termination to ethene is related to

ethane and olefin terminations. This leads to relative pseudo-constants (x)

Rey, =) - 1 (F.15)
Kp+Kp g

K

Reg, =5 —" (F.16)
Ky +K )
K n
RCnH2n+2 - : (1 ) a, ,n 23 (F17)
K,+K , 2
(2)
K K
Ry = Lo - L .« (F.18)
M 1+K‘,(,’20 exp(2c) K +Kt(}2, ?
K n
Rey Lo — Tl in23 (F.19)
14k, -exp(c-n) K,+K, , 2
Chain growth probability factor a can be calculated as:
— KP .
a, = p ;n=>3 (F.20)
1+x, + e
” 1+x,, explc-n)

K

a, = p 8 (F.21)
K't(z +K,+ Kio
R Kg) . exp(ZC)
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where: K1 =X

Kp=Ap/ up

Kt11)7 = i%//lt p>

k= A2 A (F.22)
Kio =10/ p

Kro= Ao

In addition, strong correlation between parameters &; , and k, , occurs at high olefin
readsorption rate (., -exp(c . n)>>1). In such a case, estimation of these parameters should not
be done separately, and instead «; , /k, , ratio needs to be estimated as one parameter (Van der

Laan and Beenackers, 1999). This leads to the following equations:

Rey, =K exp(-2¢) — " a, (F.23)
. K, +K,,
K, <

a n=3 (F.24)

a, = - (F.25)
K‘t(zp) +K,+ K® ~exp( 20)
K
L= - nx3 (F.26)
l+x,+K, -exp(—c n)
where:
()
KK,
KO(Z) = % (F.26)
Kr,a
K, =" (F.27)
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Then the meaning of parameters K, is the following:

2
K(z) _ kt(,p) 'kt 0
o k(2 (k )2 ‘ 2 ] Rg T
7,0 t,p H,s SV . Heo
K — kt,()
? R -T

(F.28)

(F.29)

These parameters include reaction rate constants (k) as well as surface coverage of

adsorbed hydrogen, so they may depend on the temperature as well as on the other process

conditions (P, SV and/or H,/CO feed ratio).
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Appendix G
ORPDM with 2-olefin formation

The original ORPDM kinetic model of Van der Laan and Beenackers (1998, 1999) has
been extended to account for formation of 2-olefins. The original model considers only the total
olefin formation, whereas the extended model accounts separately for 1- and 2-olefins. Reaction
network of hydrocarbon formation for this model is shown in Figure G.1. Elementary reactions

are shown in Table G.1, and they are the same as for the original ORPDM model except that step
HC6 (2-olefin formation) is added.

CHy,s;

CH;,S; CH,

(1) (2)
Ip Tt p C.E
¥ /—V 2He
(2
rt,lo
CHs, s; =‘=(E) 1-C,H,
rr,lo
2
@ (3)
)2 B
3kg
v (3
{rt,lo
C3H7/ S; =(3) 1—C3H5
rr,lo
(3)
Ip

(n-1) r
Ip t,p

ﬁ an2n+2

v

rt,lo(n)

an2n+l rS1 ={n} 1 _CnHZn
rr,lo

(

(n)
Ip i 2 =CnH2,

n
rt,20

v

Figure G.1. Reaction network of hydrocarbon formation (FTS) for ORPDM

with 2-olefin formation.

141



Table G.1. Elementary reaction steps for ORPDM with 2-olefin formation

No. Stoichiometry equations Kinetic equations
HCI CH2,51+H,SIL)CH3,S1 ’?:kiOGCHZ,Sl'eH,Sl :/11
(n) _
ry ) =k, -6 -6,
propagation P P CHy,s1 "V H o081
(n) _
k r = ﬂ . ec H
p p ’s
HC2 CoHyp 1581+ CHy, 51— C, 1 Hyy 13,9 A
where
n=12,...
ﬂp = kp ~¢9CH2,S1
(n)
)=k -0 -6,
termination to paraffin t(’p) tp " VH.s "YCHyp 1081
n
k top = M,pOc,H
HCS | CyHyyyy,s1 + Hosp —2>CyHppip +25) R e
where
n=12,...
jft,p = kt,p 'GH,SI
termination to 1-olefin (n)
k[ lo r[,lo = ktalo ) esl ' ean2n+1 »S]
CnH2n+1,S1+S1———)’ ]’CnH2n+H,S1+S1 (}’l) _ 0
HCY | o233, filo = “tlo "HC, Hap
where
Zt,lo = kt,lo 'gsl
R S N Mo
1-olefin readsorption r,lo rlo"Ys) "YH.s1 "~ -C,H,,
-C,H,, +H LATENGN (N e
HCS nlloy T 11,51 5] nTon+1:51 451 | B = 4rlo e g,
n= 2,3,... where
*
ﬂ'r,lo =AKrlo '0s1 'GH,sl
(n)
s, =kin, O -6,
2-olefin formation t,20 t,20 " 7s) "YCyHoni1,81
k20 r(") = .0,
HC6 CHH2n+1’S1 +Slt—’2)2’CnH2n +H,Sl +S1 1,20 21’20 C”H2n+1’sl

n=4,5,..

where
ﬂt,Zo = kt,20 '951

s; means an active site on the surface of catalyst; @is a surface coverage of adsorbed species;

C% is a concentration of species at the surface.
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Using the same assumptions and approximations as in the original ORPDM of Van der

Laan and Beenackers, the following equations are obtained for prediction of all hydrocarbon

products.

Repy =) .4 (G.1)
CH4 l,p CH3,S1 .
Reyp =600 -a (G.2)
C2H6 t,p CH3,S1 2 .
Reptyy, =Ocn -] 5023 (G3)

i=2
(2)
K
Re,m, = (Z)t’lo OcH,,s, %2 (G.4)
1+ Ko exp(2c)
K n
R, = Llo Oy Nl sn>3 G.5
e T —exploon) 0 1_2[ (G.5)
Rz—c,,Hz,, =K 20" 0c113 5 Hai ynz4 (G.6)
i=2
where
HCH3 S1 :%TT (G7)
B Kt p
K
P for n=2
(2)
K +K‘(2) + AL
t’
g Py K£21)0 -exp(2c)
Kp
a, = for n=3 (G.8)
K,+K, ,+ Kt.lo
prTLP Ty Krlo exp(3c)
K
P for nx4
Kt.lo
l+x,, -exp(c-n)
where: K1 =X
Kp=2p/ >
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Kt(,lg = ’1%)7/’17,17 >

Kilo = ﬂt,lo/ﬂ't,p 5 (G9)
K120 =420/ 2,p »

o)

Krlo = .o

L2 = 2)

l,lO - typ .Ktalo

A strong correlation between parameter x;j, and k.1, occurs at high olefin

readsorption rate resulting in . 1, -exp(c-n)>>1. In such a case, parameters Kt(,zlz; , Kt(,zlz; s Ktlo

and « cannot be estimated separately. Instead, their ratios need to be estimated (Van der

r,lo

Laan and Beenackers, 1999). Thus, the olefin rates become

2) K1
Repr, = K@ exp(—2¢). .y (G.10)
A )
K n
R, =K, -exp(-c-n) . i a n>3 (G.11)
e K,+K,, 2
Er (G.12)
ay = .
Kt(’zp +Kp,+ Kl(g) -exp(— 2c)
K
a, = £ ;n>3 (G.13)
l+x,+K,, -exp(—c-n)
where:
(2)
2) Kt,p “Ktlo
Kl(o) _ > (G.14)
r,lo
K.
K, = Ztlo (G.15)
° Ky lo
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Then the meaning of parameters K is the following

2
K1(2) _ kt(, ,2 ki 10
0 .
@ L, Py el
r,lo \"t,p H s Heo .SV
kt,lo

Klo - ) Rg .T

kr,lo 'kt

9% . &
P TH,8; Heo .SV

(G.16)

(G.17)

These two parameters include reaction constants (k) as well as the surface coverage of

hydrogen, so they depend not only on temperature but other process condition as well. Final

model has 8 parameters: KI,KP,KI(,I;,KS’?,KS),K K
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